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A COMPREHENSIVE KINETICS MODEL FOR CO OXIDATION DURING CHAR COMBUSTION
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INTRODUCTION:

The most important parameter in representing energy feedback to a particle
during char combustion concerns the oxidation of CO to COy. If substantial oxida-
tion of CO occurs near a particle, then the greater heat of combustion for the
complete oxidation of carbon to CO, (94.1 kcal/mole vs. 26.4 kcal/mole for oxida-
tion to CO) is available for energy feedback mechanisms. “"Energy feedback”™ 1s here
defined as any situation in which an individual particle recieves a significant
fraction of its heat of combustion directly, through the localized oxidation of
emitted combustible species, i.e. CO. Conversly, if the oxidation of CO does not
occur near a particle, then energy feedback will only occur indirectly, through
heating of the bulk gas. The primary reaction product at the particle surface
during char combustion is generally considered to be CO, and the location of the
subsequent CO oxidation zone plays a very important role in determining the parti-
cle temperature. Ayling and Smith (1) performed experimental and modeling work
which indicates that CO oxidation is not of major importance under-the conditions
they investigated, although they noted a need for improved accuracy in measuring
char reactivities, as well as for better modeling of the gas phase CO oxidation
kinetics. The modeling work presented in this paper attempts to develop an
improved understanding of the boundary layer oxidation of CO through the use of a
comprehensive set of kinetics expressions. It is hoped that the use of a funda-
mental set of kinetics expressions will more accurately represent the transcient
conditions occuring around an oxidizing char particle, when compared to the use of
global kinetics expressions. The transport and energy equations are solved, gener-
ating both specles and temperature profiles surrounding a single particle.

MODEL DEVELOPMENT:

The CO oxidation model developed at Stanford currently employs a number of
assumptions, which are listed in Table l. One critical assumption used is the
restriction that the only mass fluxes at the particle surface are CO and 0y. The
specles mass transport equation used assume convective and diffusive transport
only, with source terms calculated from the kinetics expressions. The gas phase
reactions are modeled through the use of a subset of a set of expressions devel-
oped by Westbrook, et al (2) to study the pyrolysis and oxidation of ethylene.
This subset is listed in Table 2. The success of this model in predicting the

properties of a laminar ethylene flame suggests that it is also valid for the more
simple fuels contained as subsets (i.e. CO ).

The basic equation for mass transport in the particle boundary layer is
below.
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where

pi = Mass fraction of species 1 R

p = Density of local gas mixture, gm/cm

ﬁ; = Carbon flux at particle surface, gm/cmz/sec

a = Particle radius, cm

Di = Diffusion coefficient for species 1, c% /sec

bi = Source term for species i (from kinetics), gm/c% /sec

Equation 1 is non-dimensionalized through the use of the parameters below.

y = a/r Non~-dimensional coordinate
(py/0)
Xy = T3I737m Non-dimensional mass fraction
Bi = (pi/p)mpDi/(aﬁ; Non-dimensional diffusion coefficient
Sy = abi/ (yAﬁz) Non-dimensional source term

The resulting form for the transport equation is:

dxi
F = (pi/p)wx1 + 8, FM 2a)
dF
i
iy T 2b)

In equation 2a, the term F; represents a non-dimensional flux, for species 1. The
two equations above are solved, with the boundary conditions being:

xi(y=l) =1

Fi(y=l) = 0 except for: Fco(y=l) = 28/12
F_ (y=1) = -16/12
%

For 1 = €0,C0,,0,,Ar,H,0,0,H,0H,H,

The mass transport equations in the boundary layer are solved along with a simple
form of the energy equation, which is similar to the transport equation used.
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Cg = The average bulk heat capacity, erg/gm X

As with the specles transport equation, this equation is transformed into non-
dimensional coordinates.

The average bulk thermal conductivity, erg/cm sec K
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The solution procedure utilized to solve the mass and energy transport equations
is outlined in Table 3. The solution is first broken down into two components. The
first part, x; ,(y) represents the solution to the homogenous portion of equations
2a and 2b, i.e. with no gas phase reactions occuring (§; = 0). In this case the
homogeneous solution takes a particularly simple analytical form.

F F ~(p,/0)
) = et b [ ] exp[ ) 5)
SO OO oy 7o), * **PLTB)

The complete solution is then represented as the sum of this homogeneous term and
an inhomogeneous term, xj(y). The boundary conditions on this inhomogeneous term
now become particularly simple, being x{{y=1) = 0 . One nice feature of this solu-
tion technique is that it allows the general character of the solution to be cal-
culated immediately (the homogeneous solution) , while the more difficult inhomog-
eneous portion can be dealt with seperately. The inhomogeneous portion represents
a very stiff equation, and a relaxation technique is applied to reach a solution.
The ‘species and energy equations are solved in series, as indicated in Table 3,

and this procedure is repeated until a desired convergence criterion has been
achieved.

MODEL RESULTS:

The input parameters required for this model, and the typical "base case”
values used, are listed in Table 4. The values for the base case have been chosen
to match conditions measured experimentally in the Stanford flow-tube reactor, in
which the independent variation of many of the important reaction parameters is
possible, in particular the bulk gas temperature, the oxygen concentration, and
the particle size. For the current modeling results the input parameters have been
independently varied around the single base case determined from the flow-tube
reactor, without attempting to represent the interdependencies of the parameters.
The base case value for the char reactivity at 1800K of 0.03 gm carbon/cm“/sec
agrees very well with typical values measured for char reactivities (Smith (3)),
although the free stream species concentrations in the Stanford flow-tube reactor
can be significantly different that those found in typical pulverized coal combus-
tion applications. The importance of this will be discussed later.

A typical temperature profile in the particle boundary layer is presented in
Figure 1. The lower curve is the solution with no gas phase reactions, while the
upper curve shows the effect of CO oxidation in the boundary layer. The case
chosen is one in which the greatest effect of boundary layer CO oxidation was
observed, although all cases show similar profiles. In both curves the particle
temperature 18 substantially above the bulk gas temperature (by about S500K), with
this temperature overshoot increased by about 60K when gas phase CO oxidation was
included. Figure 1 indicates that one way to represent the effect of CO oxidation
on the particle temperature would be to look at the increase in the particle sur-
face temperature over that with no gas phase CO oxidation. This parameter has been
calculated while parametrically varying the variables listed in Table 4, and the
results are discussed below.

The dependence of the bulk gas oxygen concentration is seen in Figure 2. The
dependence is a reasonably strong one, although for the conditions studied the
temperature increase due to CO oxidation in the boundary layer is fairly low. Thus
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the energy feedback due to CO oxidation, while not negligible, is not considered
to be a dominant mechanism under these conditions. It 18 important to note that
although the base case chosen indicates little CO oxidation in the boundary layer,
the trends observed will given the relative importance of the various parameters
studied.

The dependence on the bulk gas water concentration is seen in Figure 3. This
parameter 1s important due to the limiting gas phase reaction CO + OH + Co, + H
At low concentrations there is a strong dependence of the temperature increase due
to CO oxidation in the boundary layer on the bulk gas water concentration, and
this dependence talls off at higher concentrations. One reason that the temper-
ature increase 1s relatively low for the base case considered in the current study
is that the water concentrations present in the Stanford reactor are relatively
low. The only source of water in the Stanford flow-tube reactor is the moisture
and hydrogen present in the coal fed into the reactor, and the relatively low
particle concentrations present ( < 10 particles/cm” ) results in low water
concentrations. Future work will consider conditions in which the water
concentrations are at higher values, since this looks like a crucial parameter in
studying gas phase CO oxidation, and many pulverized coal combustion environments
involve water concentrations substantially above those seen in the Stanford flow-
tube reactor.

The dependence of the temperature increase on the char reactivity is seen in
Figure 4., The temperature increase is a relatively strong function of the char
reactivity, but eventually becomes less important. This leveling off of the curve
is the result of two competing processes. As the char reactivity is increased, the
amount of CO present in the particle boundary layer increases, which increases the
energy release due to CO oxidation near the particle. A competing effect with this
i1s the resulting increase of the convective term in the heat transfer equation,
which tends to reduce the feedback of energy released in the boundary layer back
to the particle as the char reactivity increases. The net effect of these two
processes 1s the leveling off the the curve seen in Figure 4.

The dependence on the particle radius is seen in Figure 5. It is important to
note that the char reactivity has been held constant in this parametric run, while -
in reality the char reactivity is a strong function of the particle radius, and
this must be taken into consideration in order to better represent the true effect -

~of the particle radius. For a fixed reactivity, however, the temperature increase

due to CO oxidation 1s a strong function of the particle radius, a quadratic type
ot dependence. This is due primarily to the increased heat transfer from a smaller
pa ticle to the surroundings, which tends to lessen the effect of boundary layer N
CO yxidation. The actual effect of particle size is some combination of this 1
effeet with the strong increase in the particle reactivity as the radius is
decreased. These two effects result in opposing trends, so the net effect of the
particle radius is not clear at this point.

The dependence on the bulk gas temperature is seen in Figure 6. Again there
is an intégdependence between this parameter and the char reactivity, a very stong
influence which is not represented in the current modeling work. As expected, the
effect of CO oxidation in the boundary layer is a very strong (exponential) func- R
tion of the bulk gas temperature. A temperature increase of about 60K is seen at a
bulk gas tempetrature of 2000K. When the accompanying effect of the char reactivity
dependence on the temperature is included, an even stronger dependence of the
temperature incraase due to CO oxidation 1is expected.




CONCLUSIONS:

For the conditions studied, the effect of CO oxidation in the boundary
layer during char combustion does not appear to be of major importance.
It is important to note that the model input parameters studied were
designed to simulate conditions present in the Stanford flow-tube reac-
tor, and that the importance of boundary layer CO oxidations in typical

pulverized coal combustion environments has not yet been studied with
this model. :

The interdependencies between the model input parameters need to be
modeled in order to better represent the actual processes occuring during
CO oxidation. In particular, the parameters which indicates the possibil-
ity of a strong synergistic interaction are the water concentration,

oxygen concentration, and/or the bulk gas temperature with the char reac~
tivity.

The model results indicate the relative importance of the various
parameters. The water concentration is considered to be a crucial para-
meter for two reasons. First, it has a strong influeuce on OH concentra-
tion in the particle boundary layer, which in turn plays a dominant role
in the oxidation kinetics of CO. Secondly, many pulverized coal combus—
tion environments are expected to have substantially higher water concen-
trations than that chosen for the base case condition used with this
model. Other parameters which appear to be very important are the bulk
gas temperature and the oxygen concentration, especially when their
influence on the char reactivity is taken into account.
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TABLE 1. ASSUMPTIONS

Steady State.

Diffusive and convective transport only.

Constant particle radius.

Spherical symmetry.

Surface mass flux is given.

CO and Oz.are the only surface fluxes.

Quiescent atmosphere.

HO, and Hy0, are unimportant at the temperatures studied.
Convective and Conductive gas phase heat transfer only.

TABLE 2. REACT10ONS CONSIDERED

i. H + 0, ¥ 0o + oH
2. 4, + o ¢ + OH
3. H0 + 0 ¥ OH + OH
4. H0 + H ¥ H, + OH
5. Hy0 + M tf H + OH + M
6. O+H+M t on + M
7. 0, + M ¥ o0 + 0 + M
8. Hy M ¥ H + 1 + M
9. c0 + on ¥ CO,+ H
10. co+o+m ¥ cop+ M
11. €0, + o0 ¥ co + 0,




TABLE 3. SOLUTION PROCEDURE

SOLVE FOR A "FIRST CUT" VERSION, x 1(y)
’

dxi
Bi o + (pi/p)un = Fi 1)
with F, = 0  except Fg, = 28/12 , Fop = -16/12

NOW WRITE THE SOLUTION AS x 15Xy 1+ X'i
’

where xi satisfies the equation ...

dxi
Di E;— + (91/9)m = Fi(y) 2)

with all xi(y=0) =0

Use xi(y) and the current temperature profile to calculate

the terms Si(y) and q'''(y) from the kinetics expressions.

Integrate Si(y) to get a new Fi(y)

SOLVE EQUATION 2) USING THIS Fi(y) y 4th Order Runge-Kutta Routine Used
THE SOLUTION IS THE NEW VALUE FOR xi(y)

SOLVE THE ENERGY EQUATION, GIVEN §'''(y) (See next page)

REPEAT UNTIL THE SYSTEM CONVERGES




TABLE 3. SOLUTION PROCEDURE (cont.)

The Energy Equation:

2 cCa" a 2

T .
S lE-IG - (P lire - o »
dy g Kgy

Given a particle temperature, the temperature gradient at the

particle surface [ %% (y=1) ] is calculated from an energy balance.

am aeaT
g—T(y=l) = Kc (factor) - —K—-p— + %‘1'1‘:
y g g g
where factor = ergs released per gram carbon oxidized to CO
€ = emissivity of the char particle (taken as 0.9)
o = the Stefan-Boltzman radiation constant

G%ﬁen these initial conditions, Equation 3 is solved with a
4 order Runge—Kutta routine, marching fromy = 1 to y = 0,

The calculated value T(y=0) is compared with the bulk gas temperature, and
the procedure is repeated until convergence 1s obtained., (Shooting method).

TABLE 4. INPUT PARAMETERS

= .0l ,.02 ,.03 , .04 ,.05 gm/cm?/sec

Tg = 1600 ,1700 ,1800 ,1900 ,2000 K

a = 10,20 ,30 ,40 ,50 ,60 microns

Specles Mass Fractions at infinity:

0, = .0040 ,.0820 ,0.124 ,0.167 ,0.211

H,0 = 0.00046 ,0.0023 ,0.0046 ,0.0116 ,0.0236

€Oy = 0.0056

€0,0,H,0H,H, = Calculated from chemical equilibrium.

Ar = The balance.

NOTE: The underlined quantities represent the “base case”,

measured from experimental results with the Stanford reactor.
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DETERMINATION OF OVERALL KINETIC RATES AND
OXYGEN REACTION ORDER FOR SARAN CHAR COMBUSTION

*
B.J. Waters, R.E. Mitchell , R.G. Squires and N.M. Laurendeau

Purdue University, West Lafayette, IN 47907
* - Sandia Natiopal Laboratories, Livermore, CA 94550

Introduction

Recent work by Mitchell and co-workers {1,2,3] on a novel
entrained flow reactor has demonstrated the feasibility of extracting
kinetic rate parameters from the simultaneous measurement of the

These rate parameters are obtained by solving the conservation
equations for a coal particle as it burns in a laminar, coflowing gas
stream. In this analysis, assumptions must be made about the
devolatilization processes which occur during particle heatup.
Specifically, the char density, ash composition and heat gain of the
particle due to homogeneous combustion of volatiles become parameters
in the reactor model that depend on the parent coal.

In this work, the entrained flow reactor is used to investigate
the combustion of Saran char, a very low ash, high surface area,
amorphous carbon. The highly irregular Saran char particles offer a
coal analog without the complicating effects associated with
devolatilization and catalytic impurities. We report overall particle
burning rates, apparent rate coefficients, and the apparent reaction
order with respect to oxygen.

Experimental Procedure

The combustion of Saran char particles is followed in a
transparent, rectangular, entrained flow reactor which is described in
deteil elsewhere [4]. Briefly, the particles are entrained in a cold
N_ stream and are then injected along the centerline at the base of

the 40 cm high reactor. Particle loadings are kept low to imnsure that
their presence has no influence on the free-stream gas properties. A

two-color pyrometer is used to measure the temperature of the burming
particles at discrete heights in the reactor. As the particle
traverses the focal volume of the collection optics, the radiant
emission passes through two different sized slits. The first slit is
wider (1000 um) than the diameter of the largest particle and the
second 'is narrower (45 um) than the diameter of the smallest particle.
The ratio of the intensity of the radiant emission measured in the
first slit to that measured in the second slit is directly
proportional to the diameter of the particle. The temperature
measurements are calibrated with a tungsten strip lamp; the size
measurements are calibrated by comparison with the size distribution
of well-characterized Spherocarb particles. The particle temperatures
measured in this work ranged from 1440 20 K in 12 kPa 0, to 2100 %150
K in 36 kPa 02. The measured particle diameters ranged %rom 80 to 170
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um which corresponds well with the -100/+4170 mesh (90-150 um)
particles used to feed the reactor. The velocity of each particle is
determined by measuring the time it takes the particle to traverse the
large slit. The particle velocities measured in this work ranged from
2.40 to 3.10 (*0.05) m/s depending on the gas temperature.

To reduce the influence of spurious signals, 200 to 300 particles
were monitored at each height and the particles were grouped in bins
approximately 10 um apart, based on their measured diameter. In this
paper, a measured particle diameter refers to the diameter at the
center of a bin containing at least 10 particles. A measured particle
temperature or velocity refers to the average temperature or velocity
for all of the particles in a given bin.

A hot, one-dimensional, laminar oxidizing gas environment is
generated by a 5 cm x 5 c¢m array of 0.2 cm diameter CH4/H2/02/N
diffusion flamelets. The total pressure in the reactor is conmstant
and equal to 10l kPa. Post flame O, partial pressures from 3 to 36
kPa and gas temperatures from 1400 %o 1900 K are attained by careful
control of the inlet gas mixture. During analysis of the experimental
data, we found that Saran char had a negligible burning rate in 3 and
6 kPa O environments. Therefore, in the remainder of this paper, we
only présent data obtained at 12, 24, and 36 kPa O,. Typical post
flame partial presures of HZO and CO2 are 16 and 2 kPa, respectively.

Gas temperatures, T , are determined from radiation-corrected
measurements using a Pt-%t/l3%Rh thermocouple. The gas velocity in
the reactor can be modeled as,

- 0.68
|v — (2T
T—g = ¢ + 0.5\!c2z'rg°‘68 R - E_ m
\M'e 8\'C1
where 2z is the height in the reactor, C, and C, are coBsggnts that are
fit to the data for each gas condition, and the two T terms

account for the influence of T on the gas viscosity.® Eqm. (1)
represents the solution of the“conservation equation governing one-
dimensional flow in a square conduit, assuming that the boundary layer
along each wall develops independently and that the fraction of the
total mass flowing in the boundary layer is proportional to the
boundary layer thickness. Cl and C, are chosen to give the best fit
between the measured particle velocities and the particle velocities
calculated by solving the particle momentum balance (see Eqmn. (3)
below). An important implicit assumption in this analysis is that the
density of the particles are approximately independent of burning
time. This assumption is consistent with the rtesults of the kimetic
analysis discussed below.

The Saran char is made by heating Saran co-polymer (supplied by
the Dow Chemical Company) to 1300 K in flowing NZ for three hours. The
exact procedure used to manufacture the Saran char is described
elsewhere [5]. Saran char contains no volatiles and approximately 0.5
wt% ash. Its apparent bulk density is 0.35 g/ml and its total surface
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area is 1260 mzlg, as determined by CO, adsorption at 298 K analyzed
using the Dubinin-Radushkevich isotherm. The only impurities detected
by Proton Induced X-ray Emission Spectroscopy (PIXE) are 2300 ppm Cl,
22-30 ppm Ti, 10 ppm Fe, 7.2 ppm Cu, 1 ppm Zr, and 1 ppm Re.

Theorx

The equations used to follow the mass, velocity and temperature
of a particle as it burns in the laminar flow reactor are given below:

dm 2 (2)
v — = -pud
p dz
d
nv —12 = -mg - 3mud (v_ - v ) (3)
p dz & P P g

-mv C dT 2k(T - T ) 4 4

—PP PP & e (rt-TY (4)
2 dz d PP w
ﬂdP P

The momentum equation (Egn. (3)) accounts for gravitational and Stokes
forces and the energy balance (Eqn. (4)) accounts for the thermal
inertia of the particle, the heat of reaction, gas phase conduction,
and radiation. The mass, m, of the char particle is determined from
its apparent density and diameter, d_. The particle velocity is v
and p is the particle burning rate per unit external surface area.

The velocity of the gas is given by v and g is the gravitationmal
constant. The heat capacity of the pa%ticle, C , is taken to be that
of graphite and the physical properties of Nz,pthe major compoment in
the gas stream, are used for the free-stream gas properties. The
viscosity, u, and thermal conductivity, k, of the gas are evaluated at
the mean temperature (T ) between the gas and particle temperatures.
The temperatures of themparticle, the gas, and the medium to which the
particle radiates are given by T , T and T (500 K), respectively.
The Stefan-Boltzmann constant is’denSted by o, and €¢_ denotes the

particle emissivity (taken as 0.85). The heat releaded per gram of
carbon consumed, H, is calculated assuming that CO is the primary
combustion product.

The overall burning rate of the particle is described by:

n (5)
po=ky (B - R) =k P,

where P and P are the oxygen partial pressures in the bulk stream
and at &he surface of the particle, respectively, ks and k., are the
chenical rate and diffusion coefficients, respectively, and n is the
apparent oxygen reaction order. The chemical reaction rate
coefficient includes contributions from intraparticle diffusion
limitations and the intrinsic reactivity of the Saran particle. Im
the Arrhenius form, ks is given as,

14




ks = A exp(E%f), (6)

where A is the preexponential factor, E is the activation energy, and
R is the universal gas constant. The external diffusion rate
coefficient is given by:
ZM D

- __ & ox

d RTd4_ '
mp

where M is the molecular weight of carbon and Dox is the diffusion
coefficient of oxygen evaluated at Tm.

K N

The computational scheme employed to obtain the overall particle
burning rate parameters, A, E, and n, is initiated by setting dT_/dz
equal to zero in Eqn. (4) and then using the measured d_ and T_ Yo
calculate p. Using Eqms. (5) and (7), PS can be calculBted £r8a [
The rate parameters are then obtained from Eqms. (5) and (6) by
fitting T and P_ to the calculated rate using a linear least-squares
routine. PThese parameter values are used as the first guess in the
numerical integration of Eqms. (2), (3) and (4), where p is obtained
from an implicit expressiom which is independent of P_ by
rearrangement of Eqn. (5). The integration employs the measured T
profile. The initial conditions used for the integration are T_ = 300
K and v_. = 0.3 m/s. A range of initial particle diameters (frof 90 um
to 190uﬁ) in 5 um intervals is used. When the integration reaches a
height (2z) where experimental measurements have been taken, the
calculated relationship between dT /dz and d_ is used to find dT_/dz
for each measured particle size. his measuged dT _/dz is then uSed in
Eqn. (4) to obtain a mnew p, from which updated vallies of the kinetic
parameters are obtained for the next numerical integratiom.
Successive iterations of this strategy are used to converge on the
rate parameter values that best describe the behavior of the Saran
particles. The quality of fit can be judged from the agreement
between the calculated and measured T_as a function of d_. Both
constant density and constant diameter burning are considgred as
limiting cases for effectiveness factors of approximately zero and one
respectively. The particle ignition temperature is taken as 1000 K
below which the particle burning rate is set equal to zero. Changing
the ignition temperature from 300 K to 1100 K does not affect the
results of this analysis.

Results and Discussion

Equations (2), (3) and (4) can be solved to calculate the
predicted relationship between particle temperature and size for a
given gas environment. For the 12 kPa O, environments at a peak gas
temperature less than 1700 K and in all 62 environments less than 12
kPa, the measured particle temperatures c&n be fit by setting p equal
to zero. This is in direct contrast to the burning characteristics of
an hvb-bituminous coal observed by Mitchell and co-workers [2], which
exhibited appreciable reaction rates in O, environments as low as 3
kPa. This may be attributed to two factors: (1) the homogeneous
combustion of the volatile matter (33% by weight) in the coal
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increases the temperature of the resulting char and (2) the catalytic
properties of the ash (21% by weight) increase the burning rate of the
char.

If the measured particle temperature does not exceed the
calculated zero-burning temperature by the approximate error in our
temperature measurement (*¥20-150 K), we can not calculate a
statistically significant burning rate. Defining x as the ratio of
the calculated burning rate to the diffusion-limited burning rate
(x=p/kd P ), we observed that the difference in particle temperature
between x®s of 0.0 and 0.l approximately corresponds to the error im
the measured particle temperature. Therefore, no measurements which
give a ¥ below 0.1 are considered in the determination of the rate
coefficients and oxygen reaction order. For the conditions of these
experiments, values of x ranged from 0.1 to 0.6 which indicates that
the overall burning rate has a high sensitivity to the kinetic rate.

For an 0_ partial pressure of 36 kPa, 100 pm particles are
predicted to %urn out at approximately 10 cm in the reactor, if
constant diameter burning is assumed. This contradicts the
experimental observation of particles as small as 90 um at 19 cm in
the reactor. While a constant diameter model may be more applicable
at lower O pressures, this model was not used in our analysis of the
combustion“kinetics. An analysis incorporating an effectiveness
factor into the particle burning rate expression will be considered in
future work.

Constant density burning gives good fits to the experimental data
at bulk oxygen pressures of 12 and 24 kPa and poor fits to the 36 kPa
data (see Figures 1, 2 and 3). A least squares fit of the kimetic
rate parameters and oxygeu reaction order to the calculated reaction
rates at 12, 24 and 36 kPa gives

-3 -27000 0.8
p = 6.3x10 ~ exp( RTp ) P (8)

where R is given in cal/mol K and P 1is given in Pa. An Arrhenius

plot of the rate coefficient, k , versus 1/T_ is presented in Figure
4. The relationship between (p7ks) and P, i8 depicted in Figure 5.

A possible reason for the discrepancy between the calculated and
experimental rates for the 36 kPa data set is that the simple
diffusion model considered here does not account for the large amount
of CO0 which must diffuse out of the particle boundary layer at higher
burning rates (Stefan flow). We do note, however, that when the 36
kPa data is analyzed alone, the calculated rates fit the data better,
but the activation energy is lower (~17000 cal/mol) which is
indicative of intraparticle diffusion limitations.
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Effect of CaCl, on Char Reaction Kinetics

M. A. Serageldin and W. P. Pan

Department of Chemistry and Chemical Engineering
Michigan Technological University
Houghton, MI 49931

INTRODUCTION

This work describes the effect of CaCl, on coal char reactivity; it is the third part in a
series of studies related to boiler application (1,2) involving this metal-based salt. The
information obtained in this work should be useful in understanding the effect of similar
materials on the oxidative behavior of coal-char. The char was combusted in a
thermogravimetric analyzer, TGA, under different partial pressures of oxygen (0.16 - 70% by
vol.) in nitrogen and at constant temperature. The furnace temperatures (isothermal) varied
between 673 and 1223 K. The sample mass and volumetric flow rate were close to 2 mg and 5
ml/s, respectively, This temperature range should cover the regions where oxidation occurs
mainly by diffusion and mainly by chemical control (3,4).

EXPERIMENTAL

Materials

Lignite coal from Velva Mine, North Dakota, was used in this work; its proximate and
ultimate analysis is given in Table 1.

Char preparation

The coal was placed in a boat made of ceramic material and pyrolyzed in a Hoskin
electric furnace (Hoskin Co.), which was regulated by an Omega 6000 temperature controller.
The boat was made by splitting a length, 1, of high purity alumina tube (1 = 75 mm and
ID. = 10 mm); it was positioned in the center of the furnace. A shielded Chromel Alumel
thermocouple (d = 3 mm) was placed approximafely 5 mm above the boat to measure the sample
temperature. The sample thermocouple reading (in the absence of a sample) was a few degrees
lower than that of the furnace set temperature; for example, at the set temperature of 1248 K,
the sample thermocouple (inside the furnace) recorded 1223 K.

Coal pyrolysis in a constant stream of nitrogen (0.425 ml/s at S.T.P.) was achieved over a
number of steps (5). The sample was first purged at room temperature for 900 s (0.9 ks). The
furnace was then switched on, setting the maximum temperature to 1248 K (which was reached
in about 2.58 ks). It was left for one hour at the maximum temperature. The furnace was then
turned off and left to cool in nitrogen for one hour, after which the remaining part of the coal
sample, i.e. char, was emptied in a clean, dry container which was subsequently stored in a
dessicator for later use.

Aopparatus

The char was burned in a DuPont 951 thermogravimetric analyzer (TGA) coupled with a
DuPont 990 recorder unit. Each sample (2 mg) was spread evenly on the platinum pan to avoid
establishing a thermal gradient in the sample. O, and N, were mixed by different proportions.
The total gas flow made by O and N, was mamtamed at 5 ml/s. This provided a linear
velocity of 18 mm/s. The percentage of O in the O /Ny mixture depended on the isothermal
temperature: at the higher isothermal tempcrature (12‘223 K ), the lower concentration (or partial
pressure) of oxygen was used, ie. 0.16% by volume, whereas a concentration of 70% O, was used
when the isothermal temperature was set to the lowest value investigated, i.e. 683 K. guch
combinations were necessary to maintain the value of the time to 50% decomposition, to.5 above
1200 s, thus ensuring that the effect of temperature gradient is negligible (4). Lastly, bélore
pushing the sample into the furnace, the latter was heated to the desired isothermal temperature
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and left to equilibrate for 300 s. This procedure helped to reduce the time-lag before the sample
reached the desired temperature.

RESULTS

Information regarding the influence of CaCl, on char reactivity, reaction mode, and
kinetic parameters is presented in this section,

Reactivity

The influence of oxygen concentrations and temperature on char reactivity is shown in
Figure 1. A greater effect (on conversion) was produced as a result of increasing the
temperature by a small percentage than by an equivalent increase in oxygen percentage in the
gas. Treating the char with CaCl2 also increased its level of conversion, Figure 2. Considering
that conversion vs. time plots for chars under different atmospheres are similar in appearance, a
more satisfactory representation, in terms of reactivity, can be achieved by replotting conversion
against a dimensionless time, t/t 5 (6). Such a plot is given in Figure 3 and indicates that CaCl,
produces an insignificant cffcctqiclow a conversion of ~0.58 which would suggest that the
mechanism of reaction is not altered within this zone. Between 0.58 conversion and up to ~0.68
the "master curve" separated into two curves, one for char and the other for char plus CaCl,.
Above a conversion of 0.68 each of the above curves split into three curves, producing a total of
six curves. Such a spread was not observed when char from demineralized coal was carbonized
at around 1273 (6). However, evidence showing the effect of naturally occurring mineral matter
in coal-char may be found (beyond a char conversion of 0.7) in Figure 1 of Tseng and Edgar’s
paper (4). It is, therefore, understandable that in the presence of additional mineral matter (i.e.
CaClz), as in this study, a more pronounced effect occurs. This is clearly indicated (Figure 3) by
a greater shift of the catalyzed reaction to the left, i.e. towards a pore diffusion mode of
reaction (Figure 4). The spread in the curves may be attributed to the effect of particle
temperature rise (7).

Reaction Mode of Control

To determine the mechanism controlling the reaction the data used to plot Figures 3 and 4
was replotted in terms of specific rate, dC/dT and tj 5, the time to 50 percent conversion.
Values of dC/dT were obtained using the cubic splin€ interpolation technique (8) and the cubic
spline smoothed technique. Figure 5 illustrates tie extent of scatter when the cubic spline
smoothed technique was not applied (white circles) to the data from Figure 3. This method was
previously used by Tseng and Edgar (4) to compare the reactivities of different chars in the
absence of catalysts. Figure 6 shows a number of curves obtained using this procedure for char
combusted at several of the low temperatures investigated and different oxygen levels. A
maximum occurred in all cases at around 0.25 conversion, which indicates that the control
mechanism is chemical (3,4). Beyond 0.58 the curves delineating the different experimental
conditions separated and were therefore clearly identifiable. From this presentation one can see
that the maximum specific rate at a given temperature was somewhat increased by treatment
with CaCl,. It should be stated that when the conversion was less than 0.5, Figure 6 provided
more dctaﬁ than Figure 3.

Figure 4 was obtained by treating the data corresponding to the runs at high temperature
(>1123 K). The data for the six experiments followed very closely the film diffusion theoretical
curve (dotted line). The theoretical lines in Figure 4 were calculated using the equations
provided in reference 4.

Kinetic Paramete

The order of reaction in the kinetic control regime was determined by plotting tg 5
against oxygen partial pressure (0.16 - 70 KPa) on log-log paper (4) and measuring the s ope.
Figure 8 shows such plots obtained at different temperatures for untreated char. The slope of
the different lines was practically the same, suggesting that the average value of n for the char
was 0.84. This figure is somewhat higher than 0.70 reported by a number of workers for lignite
coal (see ref. 4). The value of n for char treated with CaCl, was 0.73. Both values of n are
valid for a limited temperature range, i.c. 683 - 723 K. In tﬁc diffusion control regime n equals
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one (9). The activation energy was obtained by plotting t*oﬁ, against 1/T on semi-log paper as
o

is illustrated in Figure 9. The former value is defined as follows (4):

thy.5 = (Poy/Proy)M.ty ¢ 1)

where t, 5 corresponds to the value at a base of reference partial pressure of oxygen, Po,. This
was chosén to be 0.005 MPa in the present study. On the other hand, the values marked with an
asterisk correspond to char reacted at the same temperature under other partial pressures of
oxygen. n is the reaction order. Figure 9 illustrates results for both the high temperature runs
(lower left of figure) and the low temperature runs (upper right of figure). Each circle shown in
Figure 9 represents the average of four runs at different Poz, i.e. the points at a given
temperature fall within the bounds of such circles. However, for calculating the activation
energy, all the points were used. For example, all the runs shown in Figure 8 were used to
calculate the activation energy, E, in the kinetic regime. This was equal to 154 KJ/mol for char
and was reduced to 141 KJ/mol when the char was treated with CaCl,. However, for the higher
temperature runs where the mode of control was diffusional, the value of E for the untreated
char was 29.5 + 0.5 and for the treated char was 28.0 + 0.5 KJ/mol. The fact that the difference
is insignificant suggests that char combustion under such a regime is independent of the nature
of the catalyst, a point made before by others (3,10). The activation energy in the chemical
control regime may also be obtained using the following equation:

logg(Po,m.t*y 5) = logA' + E/RT 2)

where A" is a2 measure of the char reactivity (4) and can be expressed as :

.5
A' = (1/“50)[0 (So/8)dc 3)
o

A in Equation 3 is the Arrhenius pre-exponential factor; S_, is the specific surface area at time
zero and dC is the fraction converted. Values of A! and E obtained using Equation 2 are shown
in Table 2 and indicate that the reactivity of the treated char was significantly increased as a
result of adding CaClz. The higher reactivity can also be deduced from Figure 10.

To evaluate the mass transfer resistance the Sherwood number of the char samples were
calculated (Appendix 1) (4) for the data in the film diffusion controlled regime and summarized
in Table 3. These values are significantly increased in the presence of CaCl, and by
temperature; however, they have a value less than 2 which refers to a spherical particle
suspended in stagnant air. The occurrence of a lower Sherwood number was attributed by Tseng
and Edgar (4) to a reduction in mass transfer efficiency by the sample pan (4). They also
concluded that the mass transfer resistance around a single large particle would be lower than
that around smaller particles on a pan. In the latter case the particle packing is also important.

DISCUSSION

This work shows that CaC12 promotes the overall decomposition of coal-char, i.e. it occurs
during a shorter time, at constant temperature. This is in agreement with previous results but
under temperature programming (non-isothermal) conditions (11). In this case the same level of
conversion occurred at a lower temperature which indicates agreement between isothermal and
non-isothermal studies.

Since changes in porosity and density prior to oxidation can influence reactivity, these
were measured for char prepared from coal and that for coal mixed with CaCl, (12). From
Table 4 we can dsduce that there is no significant change in density, total pore volume and
porosity prior to combustion. Therefore the effectiveness of the additive in promoting char-
oxygen reaction may be explained in terms of the following carbon-oxygen reactions (13,14):

ca0 + 1/2 0, —> Ca0 4)
ca0, + C —=> Ca0 + C 5)

In the above model the catalyst promotes the dissociation of the oxygen molecule adsorbed
making it thus more reactive. In other words, dissociative adsorption is promoted (14). Such a
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meghanism could account for the observed decrease in activation energy in the chemical control
regime,

In the diffusion control regime E did not vary significantly, which would suggest that the
above explanation is not applicable in this case. However, the fact that E was ~28 KJ/mol, i.c.
higher than the usually accepted range of 8 - 12 KJ/mol (9), would suggest that it is possible that
the regime is not totally film dif fusion controlled, but that pore diffusion may also be important
during the initial decomposition stage, Figures 7 and 9. (E for pore diffusion is around half of
the intrinsic activation energy.) This reasoning could account for the observed shorter char
decomposition time, which is indicated by lower values of t 5e The significance of the
Sherwood numbers in Table 3 is now questionable. The resulfs indicate that CaC12 increases this
number significantly and, therefore, under these conditions, mass transfer resistance was
reduced. However, we can see that the values of the constant b for the film diffusion controlled
regime was not significantly altered by CaClz. The theoretical value of b is 0.55 (4). The use
of this form of the Sherwood number may bé misleading considering that we do not have single
spherical particles as assumed in the derivation by the authors (4) and considering that we have
reason to believe that pore diffusion may also be involved.

CONCLUSIONS

1. CaC12 decreased the activation energy and increased the reactivity of coal char in the
chemical control regime. It did not, however, have an important effect the dif fusion control
regime.

2. In the kinetic control regime the mechanism was not altered below a conversion of 0.58.
However, at higher conversion the reaction was moved towards the pore diffusion regime.

3. At the higher temperatures pore diffusion may also play a role during decomposition, which
explains why the activation energies obtained were higher than that for a totally film
diffusion controlled regime.
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Appendix 1: Sherwood Number
(1-Xg)o prozRT

Sh = e——————e————— (1l =~ 1/4) 1)
Db“’P°2t0.5 :
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where Xa is the ash yield; p., particle density; o initial particle radius; Dy, bulk diffusivity; R
the gas constant; T, the absolute temperature; Poz, partial pressure of oxygen; to.5 time to 50%
decomposition and w= 12, assuming all C —> CO,. :

Table l: Analysis of lignite coal (~100, +270) mesh

Proximate analysis Ultimate Analysis

As received Moisture-Ash free
Moisture(wt%) 34.00 Carbon 64 .55
Fixed Carben 27.46 Hydrogen 4.72
Volatiles 32.86 Nitrogen 1.02
Ash 5.68 Sulfur 0.33
Oxygen#* 29.38

*by difference

Table 2: Values of A' and activation eneray

Sample A! Activation energy (KJ/mol)
untreated char 9.3x10'¥f 154 + 1
caCl, treated char 68.4x10710 141 * 4

Table 3: Sherwood number and film diffusion constant (b)
of char samples

Sherwood number dc/dt = b(l—c)l/3
Temperature Untreated CaCly tréated untreated CacCl, treated
(K) char Char char char
1123 0.76 1.11 0.59 + 0.03 0.56 + 0.02
1173 0.91 1.23 0.59 + 0.02 0.57 + 0.02
1223 1.26 1.52 0.57 + 0.03 0.57 + 0.02

Table 4: Density, total pore volume and porosity (12)

Sample Density (g/cm3) Total pore Porosity
Helium Mercury volume (cm’/g) (%)

untreated char 2.12 1.30 0.298 38.7

CaCl, treated char 2.14 1.32 0.29 38.5

24



Conversion

09
e d
® O
e O
0.8 o
0.7
0.6 1
0.5+
0.4 1
0.34
0.2+
o =743K 20% oxygen
;‘-‘ 723K 30% oxygen
01d @ 0=723K 25% oxygen
@
-
-
o U T T T
0 2000 4000 6000 8000 10000
Time, s

Figure 1:  Influence of oxygen concentration and temperature
on reactivity of char.

0.9
. . d
E
0.8 o
0.7
0.6
=]
L 05
g
4
>
g 0.4
(] « 743K 20% oxygen: char only
723K 25% oxygen: char only
0.3 723K I0X oxygen: char only
" 723K 25% oxygen: treated char
» 743K 20% oxygen: treated char
« 723K 30% oxygen: treated char
theoretical lilm diffusion
theoretical pore diffusion
T T T T T T
1 15 2 25 3 35 4
Time, Dimensionless
Figure 3:  Effect of CaCly on the normalized plot of char at

different t

P and oxyg: ations.

Conversion

25

- . )
0.9 . °
. °
. o
0.8 L o
- . °
. 0
. o
0.7 . ]
. °
. o
. 0
0.6 [ o
. °
) o
e o
0.5 . o
¢ o
¢ o
¢ o
0.4 1 e ©
e o
L)
L)
0.3 e o
e 0
e0
LX)
02 eo
*0
©=743K 20% oxygen: char only
®=743K 20% oxygen: treated char
U T T T T T
] 1000 2000 3000 4000 5000 6000 7000
Time, s
Figure 2:  Effect of CaCl on the reactivity of char.
=]
)
7]
4
[
>
=]
Q
Q
. 12 reated char
0.1 . iﬁ g realed char
. 23K char only
0 T T T T T T
0 0.5 1 15 2 2.5 3 35 4
Time,Dimensionless
Figure 4:  Effect of CaCly on the normalized plot of char under

diffusional cantrol.




0.8 0.8
int lati 2 2723K 30% oxygen: char only
o =cubic spline interpolation 0% oxygen: char on!
i i 23K 25% n: treated ch
=cubic spline smoothed 0.7 23K 30% oxygen: Lreated char
° « = 743K 20% oxygen: Lreated char
° ogno
0.6 9'. M g.
. * 4 .
) oe ° . Q
~ ° o )
| &) a .
o . ° %e ©
5 [
-} ] ] 3
E 04 PR =
3]
9] .
= o*° &
o . 8
2 a,
& * 7]
02
L]
ego
o
(1]
009
\
[+X1] T T T T 0.0 T T T T T T T T T
0 02 04 0.6 0.8 1 0 01 02 03 04 05 06 07 08 09 1
Conversion Conversion
Figure 5:  Application of cubic spline interpolation technique Figure 6:  Effect of CaCly on the combustion characteristic
and cubic spline smoothed technique. curve of char under chemical control.
08 10000
0.74
g o
©
L]
o
= ) . °
e
~
&) ] [
o .
[ w
1:.) ° L] .
= N
& .
b=}
8 .
=
w
O 1173K treated char
02 ® 1223K treated char
® 323K char only
theoretical film diffusion * 0 =683K
0.1 o = 703K
theoretical pore diffusion a="723K
0.0 . — . r - 1000 o
0 01 02 03 04 05 08 07 08 09 .01 -
Conversion Oxygen pressure, MPa
Figure 7:  Effect of CaCly on the combustion characteristic

curve of char under diffusional control.

26

Figure 8: The reaction order of char.




100000
(o]
b Oe
®
10000 (o]
E oce
1 [ J
12}
-l 1000
hel 4
1004
Ry
char only
_. g=treuted char
10 T T T T
8.0 95 11.0 125 14.0 15.5_‘
/T, K «10
Figure 9:  The effect of CaCl on the char activation energy.
1000 ]
] [ J
) (o]
[
»
ity
3 ®
o' 100
" J O = char only
. @ = treated char
4
b 3 T T r T
o 125.0 130.0 135.0 140.0 145.0 150.0
x0"°
1
: Figure 10: Comparison of the reactivity of char in the presence

and absence of CaCl,.

27



INFLUENCE OF METAL IONS AND PYROLYSIS CONDITIONS ON
CARBON DIOXIDE GASIFICATION OF WOOD CHARS

William F. DeGroot and G.N. Richards
Wood Chemistry Laboratory, University of Montana, Missoula, MT 59812
INTRODUCTION

The rate of biomass gasification is limited by the reaction rate of the
thermally stable char which forms as a result of the initial pyrolytic degradation.
This char also represents a large proportion of the energy content of the original
biomass (1), and efficient conversion of the biemass should recover the energy value
of this fraction. This can be achieved by reaction with oxygen, steam, or carbon
dioxide, and the intent of this research was to investigate the effects of reaction
conditions and inorganic catalysts on the gasification of wood chars. These chars
also provide an excellent model for studying the gasification reactions of coal,
since sample pretreatment and pyrolysis conditions can be varied to provide a wide
range of chemical functionality in the resulting chars. Studying the chemical
structure and reactivity of these chars can provide important insight into parallel
reactions in coal and other carbonaceous materials.

Previous work in our laboratory on the gasification of biomass chars indicated
that the inorganic species naturally present in wood were effective gasification
catalysts (2). and that some of the natural inorganic species were exchangeable with
cations of salts added to the wood in solution. We have studied this ion exchange
process further and have found that the wood sample used in these studies contains
approximately 8 meq/100 g of carboxylic acid groups, primarily as 4-O-methyl-
glucuronic acid groups associated with the hemicellulose fraction of the wood (3).
In this study we have added catalysts to previously acid-washed wood through ion
exchange in order to incorporate a single catalytic species in a highly dispersed
form and at a reproducible level. Selected samples were also treated beyond the ion
exchange capacity in order to distinguish the effects of exchanged cations as
opposed to adsorbed salts.

EXPERIMENTAL

The wood sample used in this study was black cottonwood {(Populus trichocarpa),
a low-grade western hardwood. The heartwood and sapwood were separated and the
sapwood was the primary sample studied. The wood was ground in a Wiley mill, and
the 20/30 mesh fraction was retained for analysis.

Acid-washing (H*-exchange) and ion exchange treatments were carried out by
column percolation. The wood was degassed in a small quantity of the solution used
for ion-exchange and transferred to a glass chromatography column. A 0.01 M solu-
tion of the acetate salt of the cation to be exchanged (at least a ten-fold excess)
was then washed slowly through the column. The column was washed thoroughly with
distilled, deionized water to remove any of the salt which was not bound by ion
exchange. In order to add catalytic species beyond the exchange capacity of the
wood, the wood was soaked in a 0.01 M solution of the acetate salt and then
air—dried. A1l of the catalyst treatments were carried out using acid-washed wood
in order that the treated samples contain only a single catalytic species. !

The inorganic constituents of the wood samples were analyzed by inductively
coupled argon plasma (ICP) emission spectroscopy, except for nickel which was
analyzed by atomic absorption (AA) spectroscopy. Ash contents were determined by
thermogravimetry (TG) at 550°C in air.




Chars were prepared in a tube furnace purged with flowing nitrogen. The wood
sample was held in a porcelain boat which was pulled into the preheated furnace.
After heating for a prescribed time the sample was pulled into a water condenser at
the downstream end of the furnace tube, where it was cooled to approximately 10°C
before being exposed to the air. Samples were stored in nitrogen- or argon-purged
containers,

Cross po]arizati?g/magic angle spinning 13¢ nuclear magnetic resonance
spectrometry (CP/MAS !3C n.m.r.) of the chars was carried out at the Colorado State
University Regional N.M.R. Center.

Gasification was carried out in the gasification reactor/detector system
depicted in Figure 1, The reactor consisted of a 1/8" 1.D. alumina tube (99.8%
alumina) heated by an external nichrome wire coil. The sample (3-10 mg) was
confined within a 1,0 cm section of the tube by 1/8" 0.D. 4-hole ceramic insulators,
which also carried gas flows into and out of the reactor. The lower insulator
contained a chromel-alumel thermocouple that extended 3-4 mm into the reactor and
provided a reliable measure of the sample temperature throughout the reaction. The
reactor was purged with a 30 cc/min flow of Np for inert conditions and an equiva-
lent flow rate of COp for gasification. Switching of gas flows and reactor
temperature were under control of a data acquisition/control system.

Effluent gases from the reactor were mixed with a 10 cc/min air flow, causing
the oxygen level of the air flow to be reduced by the stoichiometric quantity of
oxygen required for combustion of any combustible gases formed by pyrolysis or
gasification of the sample. The oxygen concentration of the combined gas streams
was monitored by a 1/4" 0.D. zirconium oxide oxygen sensor tube maintained at
900-950°K. This sensor was enclosed in a 1/2" 0.D. quartz tube and produced an
output proportional to the differential pressure of oxygen across its inner surface
(flowing air reference gas) and outer surface {combined reactor and combustion air
flows). The output of the oxygen sensor was converted to oxygen concentration
during data acquisition according to the Nernst equation:

E = X 1n(P/Pref)

where R and F have their usual meanings, T is the detector temperature (°K) and P
and P.of are the partial pressures of oxygen in the sample and reference gases,
respectively.

For the purposes of this study it was assumed that all of the combustible gases
produced were CO, and the removal of one molar equivalent of 02 from the gas stream
was therefore due to the gasification of one molar equivalent of carbon. The extent
of gasification determined in this manner was consistently within 10Z of the
measured change in char weight.

The rate of gasification of a char (HTT 800°C) prepared from cottonwood is
shown in Figure 2. The detector output can be integrated over the entire run to
give the total extent of gasification, or it can be integrated above the baseline
defined by the rate of pyrolytic gasification to give the extent of gasification due
to reaction with COp.

RESULTS AND DISCUSSION

The ash contents and composition of the inorganic fraction of the samples used
in this study are shown in Table 1. The heartwood of the cottonwood has a very high
ash content, approximately four times higher than the sapwood taken from the same
tree. The main components of the natural inorganic fraction are calcium, potassium,
and magnesium; in addition to these elements the lignite sample has a high concentra-
tion of iron. A1l of these elements are potentially active gasification catalysts.
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Table 1. Composition of cottonwood, treated cottonwood and lignite samples.

Composition of Ash (I, dry weight)

Sample Z Ash K Mg Ca Fe Co Ni Cu
COTTONWOOD
Untreated
Heartwood 2.01 0.32 0.08 0.50 — - - -
Sapwood 0.51 0.10 0.02 0.12 -— - - -—

Ton-exchanged
Sapwood

Acid-washed 0.02 - - 0,00 - — nadb -
K+-exchanged 0.41 0.28 - 0.02 -— - n.d. -
Mg*<¢-exchanged 0.17 - 0.03 0.0 - - n.d. --
Cat¢-exchanged 0.34 - - 0.14 — - n.d., --
CotZ-exchanged 0.34 - -—  0.00 — 0.23 n.d. -—
Ni+Z-exchanged 0.33 — — — - - 021 --
Cut€-exchanged 0.42 - - - - - n.d. 0.32
Acetate Salt-treated
Sapwood (0.01 M)
KAc 0.9 0.38 - 0.02 — - n.d. --
Ca(Ac)2 0.83 -— - 0.36 - - n.d. --
Co(Ac)2 0.89 - - 0.01 - 0.40 n.d. —
LIGNITES (PSOC-837) 11.88 0.04 0.64 1.81 0.39 -- — -

aTon-exchanged samples were acid washed (Ht-exchanged) prior to treatmemt.
bn.d. = "not determined"; no value (--) = <50 ppm.
CLignite sample and analysis provided by the Penn State Coal Data Base.

Table 2. Conversion due to pyrolysis (P) and gasification (G) of chars prepared
from cottonwood and lignite at various heat treatment temperatures (HTT)
and pyrolysis times. Chars were gasified for 30 minutes at 800°C in
90.9 kPa CO7.

HIT Time Char Yield % Conversion at 800°C

Sample (°c) {min) (Z2) p G Total

COTTONWOOD 800 10 13.1 1.6 32.5 34.1

(Sapwood) 900 10 1.5 1.7  30.9 32.6
1000 10 10.4 1.2 15.9 17.1 .
800 5 13.2 3.2 32.9 36.1 :
800 30 12.6 1.7 31.9 33.6 !
800 60 12.3 1.2 34.0 35.2

LIGNITE 800 10 61.5 3.6 66.5 70.1
900 10 59.0 1.9 51.8 53.7
1000 10 58.0 1.6 34.7 36.3
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Acid-washing of the cottonwood sapwood removed most of the inorganic fraction,
with the exception of a small quantity of residual calcium. When the acid-washed
wood was treated by ion exchange with dilute salt solutions, the resulting samples
contained 7-8 milliequivalents/100g with the exception of the Cu*z—exchanged sample,
which was treated at the 10 meq/100 g level. This is in agreement with the carboxyl
content of 8 meq/100 g found previously for this sample, and indicates that ion
exchange provides a high level of control for addition of inorganic cations to wood.
The overall ash contents of the treated samples were all lower than that of the
untreated sapwood. When the salt solution was dried onto the acid-washed wood
without removing the free salts, the level of cation addition was 1.5-2.5 times
higher than in the ion-exchanged samples.

Table 2 shows the effects of heat treatment temperature (HTT) and pyrolysis
time on the char yields and reactivities of the resulting chars toward COp
gasification at 800°C. The char yields of the wood and lignite do not vary
significantly within the temperature range and pyrolysis times studied. However, it
is important to notice the differences in char yields between the wood and lignite
samples, especially with respect to the concentration of inorganic species in the
chars. The char yields from wood suggest that the ash is concentrated by a factor
of 7-10, resulting in an ash content of 4-5Z in the char. Similarly, the ash
content of lignite char would be concentrated to nearly 20Z of the weight of the
char,

Reactivities of both the wood and lignite chars decreased by a factor of
approximately two as the HTT was increased from 800°C to 1000°C. The contribution
of pyrolysis to the gas yields in both samples was relatively small and it did not
vary significantly under the conditions shown. Lignite char reactivity decreased
approximately linearly between 800° and 1000°C. The reactivity declined more
sharply above 900°C in the wood sample. This may indicate that one of the natural
catalytic species in wood undergoes a specific transformation above 900°C, rendering
it inactive, and that the reactivity of wood char is otherwise less dependent on HTT
than is that of coal char. The extent of wood char gasification is independent of
time of pyrolysis between 5 and 60 minutes. The dependence of reaction rate on HTT
found in this study is somewhat less than that reported by Hippo et al. for a raw
lignite gasified in steam (4). These workers report nearly a three-fold increase in
reactivity in steam at 750°C as the HTT is reduced from 900° to 800°C.

The rates shown in Table 2 for the lignite char gasification are similar to
data reported previously by other workers for C0 gasification of lignite chars
prepared under similar conditions (5,6). Rates of wood char gasification indicate a
substantially higher reactivity than reported previously for another
lignocellulose-derived char gasified in COp at 900°C (7). The lignite char was
nearly twice as reactive as the wood char over the temperature range studied, which
is no doubt due in part to its higher ash content. The lower reactivity of the wood
char is also explained in part by the CP/MAS 13¢ num.r. spectrum of the char
prepared by 10 minutes pyrolysis at 600°C, shown in Figure 3. This spectrum
contains a single peak centered at 130 ppm, corresponding to aromatic carbon. The
spectrum is nearly identical to that of an anthracite coal (8), and anthracite coals
have been shown to be more than ten times less reactive than lignite under
gasification by COp (5). Hood chars prepared at higher temperatures contained
insufficient hydrogen to provide for transfer of spin polarization to carbon, as
required in the cross-polarization n.m.r. technique, and they did not give
well-resolved spectra. However, it is clear that chars prepared above 600°C are
highly aromatic and their gasification will require effective catalysis if it is to
be carried out at lower temperatures. These n.m.r. data are somewhat surprising in
view of earlier work on the n.m.r. spectroscopy of wood chars which showed a
significant aliphatic component in chars prepared at temperatures up to 400°C (9).
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The char yields and reactivities of chars (HTT 800°C) prepared from untreated
cottonwood and catalyst-treated samples are shown in Table 3, The catalysts were
added by ion exchange to the acid-washed sapwood as described earlier. Acid washing
had a dramatic effect on the char yield, reducing it by a factor of more than two.
Addition of transition metal and alkaline earth metal catalysts had little effect on
the char yield, but the alkali metal catalysts restored the char yield to near the
level found for the untreated wood. Acid-washing also resulted in complete loss of
the cellular structure of the wood during pyrolysis. A1l of these effects parallel
those reported previously for the effects of inorganic species on the carbonization
of the cottonwood (10).

Table 3. Ash content and char yields (HTT 800°C) of untreated and ion-exchanged
cottonwood samples and extents of conversion due to pyrolysis (P) and
gasification (G) of cottonwood chars gasified for 30 minutes at 800°C
in 90.9 kPa COy.

Ash Content Char Yield Percent Conversion
Sample (%, d.a.f.) (Z,.d.a.f.) P G Total
Cottonwood Heartwood
Untreated 2.01 16.8 (100% in <20 min)
Cottonwood Sapwood
Untreated 0.51 14.8 2 40 42
Acid-washed <0.02 7.1 2 <« 2
Nat-exchanged 0.3 14.0 4 16 20
K*—exchanged 0.40 13.9 2 13 15
Mg+2_exchanged 0.17 9.4 3 15 18
Ca‘*l-exchanged 0.34 9.7 5 102 1072
Co+2_exchanged 0.33 9.5 9 73 8
Ni+2_exchanged 0.32 8.0 3 3 37
Cu+2-exchanged 0.40 7.3 1 3 4

aPercent of conversion determined by integration of combustible gas detector
signal was consistently 100-110Z of weight of samples which gasified completely.

The most reactive sample was found to be the untreated cottonwood heartwood.
The reactivity of this char reflects its higher ash content, and further illustrates
the catalytic properties found previously for the natural inorganic fraction (2).
The most effective ion-exchanged catalysts were found to be calcium and cobalt,
which gave reactivities intermediate between the untreated sapwood and heartwood
samples. Chars containing alkali metal catalysts were supprisingly unreactive in
view of the excellent catalytic properties of these catalysts for lignite chars
gasified in steam (4) and in air (11). Alkali metals are known to be lost during
pyrolysis and gasification at these temperatures (12), but the char from
potassium-treated wood contained 2.3Z of ash by TG, suggesting that a large
proportion of the catalyst was retained, at least during char formation.

The catalytic activities of the alkaline earth metals in wood gasification more
closely parallel effects reported in the €O, gasification of coal char (5). The
high catalytic activity of calcium suggests that it is the dominant factor
controlling the reactivity of the untreated cottonwood sapwood and heartwood samples
(see metals analysis in Table 1).

The transition metals are known to be active catalysts of COp gasification,
although they are often deactivated by oxidation during reaction (13). We have
previously found this to be the case in the €0, gasification of wood chars (HTT
1000°) as well (2). The wide range of reactivities shown in Table 3 for the
gasification of wood chars catalyzed by transition metals could, therefore,
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represent the inherent activity of the catalyst or the activity of the catalyst
under these specific conditions of pyrolysis and gasification. However, the high
catalytic activity of the cobalt indicates the potential utility of these catalysts,
and we are continuing to investigate the effects of pyrolysis and gasification
conditions on catalysis of wood char gasification by cobalt.

The effects of different catalyst treatments are further illustrated by the
reaction rate profiles shown in Figures 4-6. Figure 4 shows the rate of CO?
gasification of char prepared from Kt-exchanged wood. The rate is nearly constant
throughout the reaction, suggesting that the reaction is zero order with respect to
the mass of the char. The reaction does not appear to undergo the initial induction
period which is often observed in gasification reactions. By contrast, Figure 5
shows that the gasification of the char containing calcium does exhibit an induction
period, and the rate decays in a more nearly first order manner following the
induction period. The char was completely gasified in this case. A third type of
behavior is exhibited in catalysis by cobalt, as shown in Figure 6. In this case
the: reaction is very rapid at the outset and decays more rapidly than would be
expected for a reaction which is first order with respect to the char. The rate
approaches zero well before the char is depleted, indicating that the catalyst is
being deactivated during reaction, and that a very high level of catalysis could be
attained if this deactivation could be avoided.

We have also determined the rates of gasification of chars prepared from wood
treated beyond the exchange capacity with the acetate salts of potassium, cobalt and
calcium. Gasification rates of these chars are compared to those of the chars from
ion-exchanged wood in Figure 7. In all three treatments the reactivity increased at
least Tinearly with the quantity of added catalyst. This implies that the catalyst
dispersion afforded by ion exchange is lost during carbonization, or that the
catalyst added as the aqueous salt solution was equally well dispersed, presumably
on the hydrophilic carbohydrate portions of the wood cell wall.

Loss of dispersion of ion-exchanged catalysts has been conclusively
demonstrated in calcium-exchanged coals heated at 1000°C (14). Although the
temperatures-employed in the current study were somewhat lower, it is possible the
same processes occur, and the potential advantage of the ion-exchanged catalyst is
lost due to catalyst agglomeration. If this is the case, the relative effectiveness
of the ion-exchanged catalyst should be enhanced by reducing the carbonization
temperatures, and studies now underway should provide additional information on the
nature of these processes.

The most surprising feature of Figure 7 is the dramatic increase in reactivity
of chars prepared from wood treated beyond the ion exchange capacity with cobalt
acetate. This sample was so reactive that the reaction rate at 800°C could not be
accurately measured in our system. The two cobalt-treated chars (HTT 800°C) were
therefore gasified at 600°C with similar results, as indicated by the dotted line in
Figure 7. It is difficult to envision a mechanism whereby the acetate salt would be
a more effective catalyst than ion-exchanged carboxylate salts. It is possible that
the two forms of the catalyst decompose to different products, which could have
different catalytic activities, although it is not clear at this time what these
forms might be. In any case, the catalytic efficiency of the higher level of cobalt
treatment is very promising. The reactivity at 600°C is much higher than that found
previously for CO7 gasification at 650°C of wood chars treated with even higher
levels of iron and nickel salts (2), and it appears to be less subject to
deactivation during gasification. Cobalt has previously been studied with respect
to its effects on CO gasification of graphite (13) and a highly carbonized
cellulose char (HTT 1000°C) (15). 1In each case it was found to be similar in
effectiveness to nickel and iron catalysts. The results reported here indicate a
unique catalytic capacity for cobalt, which may also indicate unique properties of
wood chars formed in the temperature range employed in this study.
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Figure 1. Schematic diagram of gasification reactor and combustible gas detector
system.
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Figure 2.

Reaction rate profile for the gasification of untreated cottonwood char
in 90.9 kPa COZ at 800°C.
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Figure 3. CP/MAS 13¢ n.m.r. spectrum of char prepared from untreated cellulose
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OXYGEN-ENRICHED COMBUSTION OF A COAL-WATER FUEL
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INTRODUCTION

Several successful test firings have been performed with coal-water fuels
(CWF's) in industrial boilers. However, even with advances in atomization and
burner design, there are still inherent limitations associated with CWF's which

cause decreased combustor performance. These include:

1) Temperatures and heat liberation from CWF flames are lower than those of oil
flames. This is due, mainly, to the high water concentrations, which must
be vaporized.

2

~

Successful ignition and flame stabilization of CWF's usually require high
primary air preheat temperatures and/or a pilot flame.

3) Ignition delay and burnout times of CWF droplets are longer than those of
oil droplets. The residence time of CWF droplets in oil fired boilers ie
usually not sufficient for complete carbon burnout. Thus, the CWF firing

rate must be reduced, resulting in a derating of the boiler.

One means of overcoming, or at least reducing, the combustion problems
associated with CWF's 1s oxygen enrichment of the combustion air. Moderate amounts
of oxygen enrichment, usually between 1-4 volume percent, have been used in industry
to either boost production levels or improve combustion efficiency in pulverized
coal and oil fired boilers (1). Oxygen enrichment increases the partiasl pressure of
oxygen leading to acceleration of the combustion rate and, thus, the rate of char

burnout of the CWF droplets. Correspondingly, there is a decrease in the total
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amount of nitrogen in the combustion air, which reduces the volume of the air and

flue gases. This in turn, causes an incressed residence time of the CWF droplets
because of lower gas velocities. Both increased combustion rate and longer
residence time will help offset some of the derating associated with converting to
CWF'as. This study is aimed at determining the effect that a 2% increase in the
oxygen content of the primary combustion air will have on the combustion

characteristics of a CWF.
EXPERIMENTAL

A horizontally fired laboratory scale combustor, designed and built at Penn
State to fire fuel oil, was modified to fire CWF's (2,3). Using this combustor, the
effect of enriching the oxygen content of the primary air on the heat distribution
in the furnace, the quantity of unburned carbon in the flyash and pollutant
formation (NOx and soz) were investigated.

The CWF used was supplied by The Atlantic Research Corporation, Fredericksburg,
Virginia. Analyses of the CWF and parent coal are given in Table 1. The origin of

TABLE 1
ANALYSES OF THE CWF

AS RECEIVED (wtX) DRY BASIS (wtZX)
(4 57.4 80.8
H 3.4 4.8
N 1.1 1.6
S 0.5 0.7
0 (by difference) 4.3 6.0
ASH 4.3 6.1
H20 28.9 - '

Higher Heating Value 2.44 x 107

J/kg (10,500 BTU/1b)
PROXIMATE ANALYSIS (DRY BASIS) .
V™ ASH FIKED CARBON

30.92 6.12 63.0% 1
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the parent coal is unknown but the analyses are typical of a high volatile eastern

bituminous coal. The CWF has a solids loading of 70 wtX and a higher heating value
of 2.44 x 107 J/kg (10,500 BTU/1b). Thus, the CWF is typical of many of those that
are currently under consideration by industry. The furnace was operated at a firing
rate of 48 kW (164,000 BTU/1b). Oxygen enrichment was achieved by combining a
stream of pure oxygen with the combusticen air in order to increase the oxygen
content to the desired 23% concentration. The oxygen/fuel ratio was varied from 95%
to 1152 theoretical oxygen. Centerline furnace temperatures were measured at
various axial distances along the combustor using shielded thermocouples. Stack

gases were continuously monitored for 02, C°2’ co, NOx, and S0,. Flyash samples

2
were analyzed for carbon content.

Furnace preheat and CWF ignition were achieved by a methane pilot flame. It
should be noted that stable CWF flames were not able to be maintained without pilot

flame support. Thus, the methane pilot flame was maintained during all trials and

provided approximately 25X of the total heat input to the combustor.
RESULTS

Combustion trials were performed on the CWF with normal air and air enriched
to 23% oxygen (2% oxygen enrichment). A 2% increase in oxygen content of the
primary combustion air provided an 8.7% decrease in the volume of combustion air
required and a 7.9% decrease in the volume of flue gases produced. Figure 1 shows
higher furnace temperatures for the oxygen enriched case. There was approximately a
60 K increase at 5% excess oxygen. This increase in temperature appears to be quite
constant over the length of the combustor. The amount of carbon in the flyash was
reduced by about 5% at this excess oxygen level. The oxygen enriched flames also
appeared visually brighter and closer to the burner (i.e. a shorter ignition delay).

Sulfur oxides are formed when sulfur in the fuel is oxidized during the
combustion process. Figure 2 shows SO2 emissions as a function of excess air
(normalized to a 0% excess air basis and taking into account the reduced volume of
flue gas in the -oxygen enriched cases). It was found that S0, concentrations were

2
41



virtually independent of amount of excess air or oxygen enrichment for the fuel lean

flames. However, the SO2 concentrations appear to be increased for the oxygen
enriched fuel rich flame.

As 1is well known, NOx is formed in two ways during combustion; that is by
oxidation of atmospheric nitrogen (thermal Nox) and oxidation of nitrogen in the
fuel (fuel Nox). The formation of thermal Nox is very temperature dependent and is
not considered to be & significant source of NOx formation at temperatures below
about 1770 K (4). The maximum temperature reached in the experimental combustor was
about 1450 K therefore, most of the Nox was assumed to be fuel Nox- Figure 3 shows
the variation of NOx with percent excess air for both the normal and oxygen enriched
combustion. NOx concentrations were approximately 70 PPM higher in the fuel lean
oxygen enriched flames. As the flames become more fuel rich the NOx concentrations
in the oxygen enriched flames somewhat approach the concentrations found in the

ambient air flames.
CONCLUSIONS

Oxygen enriched combustion of a CWF was studied in a small scale (48 kW)
combustor. It was found that a 2% increase in oxygen content of the combustion air

produced:

1) Increase of about 60 K in furnsce temperature,
2) More luminous flame with shorter ignition delay. !
3) Approximately a 5X reduction of carbon in the flyash

4) No effect on So2 formation in fuel lean flames.

S) Somewhat higher NOx emissions for fuel lean flames but only slightly higher

NOx concentrations for fuel rich flames.
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Secondary Atomization of Coal-Water Fuel Droplets Resulting from
Exposure to Intense Radiant Heating Environments

Daniel J. Maloney and James F. Spann (ORAU)

U.S. DOE, Morgantown Energy Technology Center
P.0. Box 880, Morgantown, WV 26505

Introduction

The use of coal-water fuels (CWF) for direct firing in heat engines presents
some challenges because conventional turbine combustors and diesel engines
require short duration, intense combustion processes. It is generally under-
stood that burning times required for efficient carbon utilization in these
systems is a function of the fuel droplet size. For CWF droplets, the early
stages of heating are critical. Under certain heating conditions, water is
evaporated from a droplet leaving a relatively slow burning agglomerate of coal
particles. Under other heating conditions, however, fuel droplets may boil
explosively producing many small fragments having characteristically shorter
combustion times. The behavior of CWF in a combustor depends on a number of
factors including droplet size, the amount and size distribution of coal parti-
cle inclusions, and the primary mode and rate of droplet heating. A detailed
knowledge of slurry droplet evaporation mechanisms is required, therefore, for
accurate prediction of slurry droplet combustion times and for the design of
CWF-fired heat engines.

The objective of this work is to determine the radiant energy flux conditions
required to achieve explosive boiling of CWF droplets. Radiant heating is
important because, when considering coal particle sizes typical of highly bene-
ficiated micronized CWF (2 to 3 microns mean radius) proposed for use in heat
engine applications, the black body radiation prevalent in combustion environ-
ments can penetrate into the droplet. The resulting internal heating of coal
particles can result in superheating of the water within the droplet and thereby
establish conditions necessary for explosive boiling.

Experimentally, conditions required to achieve explosive boiling were deter-
mined by electrodynamically suspending and irradiating single CWF droplets with
well characterized radiation pulses. Droplet behavior in these experiments was
monitored using high-speed cinematography. The energy flux required for explo-
sive boiling was determined at ambient temperature and pressure as a function
of incident radiation intensity and CWF droplet size and composition. The
results were then compared with theoretical predictions of the explosive boil-
ing threshold for CWF droplets in high-temperature black body radiation fields.
The primary question we wish to address is: do sufficient conditions exist, or
can they be made to exist, to cause explosive boiling of CWF droplets ranging
from 20 to 200 microns in diameter in realistic combustor configurations?

Experimental

Single CWF droplets were isolated and held in an electrodynamic balance appara-
tus which was designed and fabricated based on the work of Davis and Ray (1).
The balance, as illustrated in Figure 1, is a quadrupole trap consisting of two
hyperboloidal endcap electrodes and a central ring electrode. When an AC volt-
age is applied between the ring and the two endcap electrodes the resulting
field has a well defined null point at the geometric center of the balance. A
charged droplet in the electric field is subject to a time averaged force
directed toward the null point. The droplet is held at the aull point by
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applying a DC field across the endcap electrodes to counterbalance gravita-
tional forces.

CWF droplets are delivered to the balance chamber from a CWF droplet generator
developed specifically for use in these experiments. The basic device consists
of a cylindrical piezoelectric transducer element with a capillary tube attached
to one end and a fuel supply line attached to the other. The operating princi-
ple is the same as that used in ink-jet printers. Voltage pulses applied to
the transducer cause sudden volume contractions which force fuel through the
capillary orifice. The extruded fuel forms a monodisperse stream of droplets
of uniform composition with the droplet size being determined by the capillary
diameter and by the amplitude and duration of the voltage pulses. Details of
the design and operating characteristics of the CWF droplet generator are pro-
vided elsewhere (2). Droplets are inductively charged by passing the droplet
stream through an orifice in a charged plate prior to delivery into the elec-
trodynamic balance chamber.

The droplet mass tc charge ratic {m/q) is directly proportional to the DC voi-
tage required to bring the droplet to the null point. For CWF droplets the
mass (and so m/q) is continuously changing due to water evaporation and the
balance voltage must be adjusted to hold the droplet at the null point during
an experiment. To facilitate droplet position control and to provide accurate
and precise measurements of changes in droplet size and mass, a microprocessor
controlled, droplet imaging system (DIS) was developed. The DIS utilizes a
Vidicon (video camera) detector to monitor droplet position and size. A micro-
processor scans the vidicon every 17 ms and image processing techniques are
employed to determine the droplet location and size. A control signal is then
generated to maintain droplet position at the balance null point. Digital
values corresponding to droplet cross-sectional area and balancing voltage
(proportional to droplet mass) are generated at a rate of 60 Hz. The droplet
size information is used to trigger the high-speed camera and to activate the
pulsed radiation (laser) source. In addition, droplet diameter, mass and com-
position (percent coal by mass) are determined from the droplet size and
balance control data. Figure 2 illustrates the capabilities of the DIS for
droplet size and mass determination. The data shows the strong dependence of
the droplet mass with changing droplet radius. Since droplet density increases
as water evaporates from the CWF, the droplet mass dependence deviates slightly
from the r3 relationship expected for a constant density droplet. The confi~
dence interval (95 percent) for droplet size resolution with the DIS is

t 3 microns for droplets ranging in diameter from 50 to 200 microns. The
confidence interval for mass resolution is * 50 nanograms.

The CWF used in these experiments was a physically beneficiated (3 percent ash)
micronized (3 micron mean particle radius) slurry having a composition of

62 percent coal by mass. During a typical experiment a water or dilute CWF

(1 to 20 percent coal by mass) droplet was delivered to the balance chamber.
The droplet size and weight were monitored by the DIS until a preselected size
was attained. The high-speed movie camera was then activated and the laser was
pulsed. A schematic of the experimental configuration is provided in Figure 3.

CWF droplets delivered to the balance chamber were on the order of 250 microns
in diameter. Droplet size and composition were controlled by changing the
initial coal composition in the droplet and by carefully monitoring the water
evaporation. In this manner droplet sizes (50 to 200 microns in diameter) and
compositions (50 to 70 percent coal by mass) of interest for combustion appli-
cations could be easily accessed.
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Results

Experiments were conducted using an eximer laser (wavelength 0.248 microms) to
determine explosive boiling thresholds for water and CWF droplets at radiation
pulse times of 10 nanoseconds. The test variables included droplet size and
composition and radiation intensity. Single droplets of water and CWF (25 and
50 percent coal by mass) with radii of 25, 50, and 75 microns were irradiated
from two sides (see Figure 3). The geometric cross section of the droplets
then was twice nr? and the incident radiation intensity was varied from

2.5 x 107 W/em? to 5 x 108 W/cm? by defocussing the laser beam. At the most
intense radiant heating conditions the beam cross section was larger than

300 microns so that in all cases the droplets were completely blanketed by the
incident radiation.

The results of experiments performed on CWF droplets containing 50 percent coal
by mass are presented in Figure 4. The results can best be described in the
context of Figure 5. Over the range of conditions employed CWF droplet behav-
ior varied from oscillatory distortions to violent fragmentation as the radiant
intensity was increased. The onset of fragmentation occurred over a narrow
range of intensities from about 5 x 107 to 1.5 x 108 W/ecm?2 . Figure 5 shows
high speed film records for 75 micron radius droplets containing 50 percent
coal by mass. The framing rate was 5,000 frames per second. Figure 5A illus-
trates the oscillatory behavior observed for these droplets when irradiated at
an intensity of 2.5 x 107 W/cm?. At this radiant intensity no droplet frag-
mentation was observed. Lower radiation intensities resulted in no observable
fragmentation or oscillation. When the radiant intensity was increased to

5 x 107 W/cm? (Figure 5B) droplet fragmentation was observed. The first frame
in sequence 5B shows the CWF droplet prior to initiation of the radiation pulse.
The second frame of the sequence shows the droplet 0.2 ms later, after the
laser pulse. The droplet appears to be a large prolated sphere suggesting the
possible growth of vapor bubbles within the droplet. However, the time resolu-
tion available was not sufficient to conclusively show the existence of vapor
bubbles. The third frame in the sequence shows the collapse of the prolated
sphere and the formation of fuel "ligaments" attached to a central droplet
core. This is followed by the breakup of the droplet to form three fragments.
At this radiant heating intensity we consistently observed the formation of one
or two small satellite fragments and a larger core droplet. After breakup, the
fragments moved with a minimum velocity of 1 m/s. Figure 5C illustrates that
as the radiant intensity was increased to 1.2 x 108 W/cm? the fragmentation of
the droplets was more violent resulting in the formation of many small fuel
droplets having minimum velocities ranging from 0.5 to 2 m/s. At higher radi-
ant intensities (Figure 50), fragmentation was evident, however, droplet frag-
ments had velocities in excess of 3 m/s and resolution of droplet fragments was
poor.

Based on the different behavior evident in the high-speed film records modes of
droplet behavior have been arbitrarily defined as: NF, no fragmentation of the
droplets, F, fragmentation of the droplets to form a few relatively large drop-
let fragments, and EF, explosive fragmentation of the droplet to produce many
small droplet fragments. Figure 4 summarizes the results of experiments using
CWF droplets containing 50 percent coal by mass. The dashed line in the figure
represents the theoretical predictions of Sitarski (3-5) for explosive boiling
thresholds for CWF droplets exposed to high-temperature black body radiation.
The theoretical predictions illustrated in Figure 4 have been modified to
reflect the fact that the droplets were irradiated from two sides with a geo-
metric cross section of 2 mr2. Figure 4 illustrates that explosive boiling
thresholds decreased as droplet size was reduced. Experiments performed on
droplets with 25 percent coal by mass showed a similar trend with decreasing
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droplet size. Within the error of the experiment there was no observable dif-
ference between the behavior of CWF droplets as the coal loading was increased
from 25 to 50 percent coal by mass. The presence of coal in the droplet did
play an important role, however. Pure water droplets showed no evidence of
oscillation or fragmentation at radiation fluxes of 5 x 108 W/cm? and below.
This observation is consistent with the fact that pure water is essentially
transparent to radiation at 0.248 micron wavelength.

Discussion

The theory developed by Sitarski (4) assumes that electromagnetic radiation is
absorbed uniformly within the droplet causing strong superheating of the liquid
at the center of the droplet where thermodynamic conditions approach those on
the spinodal line. The sudden burst of vapor bubbles produced at the spinodal
temperature then leads to disruption of the droplet. The experimental observa-
tions are consistent with this physical description of the explosive boiling
phenomena and the agreement between the experimentally determined thresholds
for explosive fragmentation are in excellent agreement with the explosive boil-
ing thresholds predicted by Sitarski.

Two alternative mechanisms for droplet breakup were also considered. They were
the effect of radiation pressure and the potential for significant ionization
and plasma formation. Calculations were performed to evaluate the radiation
pressure associated with the laser pulse. The momentum imparted to the droplet
due to the light pressure was found to be two orders of magnitude lower than
the observed momentum (determined from the velocity of the fragments). There-
fore, the contribution due to radiation pressure was insignificant. At radia-
tion intensities similar to those employed in the present study, plasma
formation has been observed for aerosol particles in air (6, 7). The accom-
panying laser breakdown depends on a number of factors including, the radiation
wavelength, intensity and pulse time and the optical properties and size of the
aerosol particles. Plasma formation and growth is usually accompanied by a
characteristic flash of light followed by an acoustic pressure pulse (shock
wave) as the plasma cloud expands at a rate of 2 to 3 km/s. Over the range of
radiant heating conditions reported in Figure 4 there were no observations
supporting the formation of a plasma cloud. At radiation intensities above

10% W/cm?, however, the characteristic signs of plasma formation were evident.

Conclusion

Capabilities have been developed to determine radiant intensities required to
achieve explosive boiling (secondary atomization) of CWF droplets of well
defined size and composition. The system has been used to determine explosive
boiling thresholds for CWF droplets at short duration high intensity radiant
heating conditions. The experimental results are both qualitatively and quan-
titatively in good agreement with theoretical predictions for explosive boiling
thresholds. Attention has now been directed toward applying these techniques
to make measurements of explosive boiling thresholds at radiation wavelengths
in the infrared region of the energy spectrum with millisecond heating times to
address conditions which are representative of combustion applications.
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Figure 5. High-Speed Motion Picture Records of CWF Droplet Response to
High-Intensity Radiant Heating. Radiant Intensity: A - 2.5 x 107 W/cmz,
B-5x 107 Wem2, C - 1.2 x 108 W/cm?, D - 2.5 x 108 W/cm?.
Framing Rate of 5000 fps.
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INTRODUCTION

Bi-dimensional fluidized beds have been since long adopted for studying
fundamentals of fluidization. Optical accessibility has been a valid tool for
analysis of bubbles and their interaction, in spite of the existing behavioural
difference between three and two dimension experiments. A bi-dimensional bed
has been recently used for application of mass spectrometric analysis of gas
concentration profiles in single bubbles rising through a bed kept at minimum
fluidization velocity (l).

Coal combustion and gasification 1in fluidized bed 1is now actively and
intensively studied. Models of coal combustion process, including
volatilization have been proposed. However lack of optical access into
traditional fluidized bed combustors, renders difficult the comparison between
model prediction and experimental result.

The idea of developing a bi-dimensional combustor, fitted with mass
spectrometric probe seemed very appealing, though of not easy design and
construction.

In this paper design and construction of a bi-dimensional fluid{ized bed
combustor (F.B.C.) and result of first experiments performed are reported.

F.B.C. DESIGN

Very crude and preliminary calculations show that it is not possible to
operate steadily a bi-dimensional fluidized bed coal combustor normally exposed
to ambient. Assuming for a quartz sand bed (70-600 um size) a temperature of
1150-1200 K, radiant heat transfer reaches values of B0 kW/sqm, which cannot be
carried by enthalpy of fluidizing gas. Generation of this substantial power is
not possible by means of combustion itself, owing to the small amount of coal
in the bed. Consequently it is necessary to feed the F.B.C. with extra power in
order to dbtain a steady operation. Hypothesis of adopting Vycor"%ilica glass
covered wifth thin tin oxide layer has been discarded, since its application at
these temperatures are not known, neither it was possible to assess the
semiconductivity properties at high temperature of tin oxide layer.

The obvious solution to the problem was to design a furnace, fitted with
windows, in which the bed had to be enclosed. The furnace essentially consists
of a parallelepipedic enclosure, the dimension of which are 1070 mm height, and
890 mmx1440 mm base. Starting from the inside, furnace walls are made of Triton
Kaowall V“. which is particularly suitable for high temperature, of Calsil (™),
which has good insulating ﬂgfoperties and 1s asbestos free and, for the
outer layer, of Monolux 500, which has good mechanical properties, but can
stand lower temperatures. The bottom has been made of CER 2I/M (rn which
presents good mechanical properties even at high temperature. Thickness of
insulation has been calculated on the basis of following assumption: outer wall
temperature <333 K, inner wall temperature equal to maximum operation
temperature, linear temperature gradient through walls. Constant thermal
conductivity for each material, averaged on temperature has been used in
calculations. Front, rear and top walls are removable, Furnace top possesses a
slot, which coincides with highest level of bed free-board and can be connected
to an exhaust line. A square window, 250 mmx250 mm, made of polished Vycor (Y’S
glass as been made on front and rear panel. Windows are parallel to the
bed and permit its optical observation. Four electrical resistances, each
providing 3.6 kW, are immersed into a ceramic support, which is 50 mm thick,
300 mm wide and 600 mm high, These resistances give the necessary power to
furnace, for every possible regime of operation, since several series and
series-parallel insertions are possible. Calculations show that at steady state
about 4 kW are necessary for keeping furnace at 1223 K. However resistances are
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capable of producing l4.4 kW, which are useful for shortening apparatus start
up.

A proportional, integral temperature controller has been designed which
features a thyristor power unit, and safety set points which can be triggered
by maximum and minimum temperature and which can be overridden during start up
procedure. For safety reasons, thermocouple failure triggers the power off.
Owing to large heat capacity of furnace and prevalent radiant heat transfer
within enclosure, uniform temperature is achieved throughout the bed.

The bed 1s confined by means of two polished Vycor (™) glass walls, 18
mm apart, inserted into slots created on furnace sides. The transparent walls
are made of a double layer of sheets mm thick, 300 mm wide and 300 am high.
Owing to the limited size of Vycor (7" sheets the two layers are skintled in
order to prevent air and solid materials leakage during operation. Vycor (rn
glass walls continue up to the top of furnace, consequently free board is kept
at the same temperature of the bed. Figure 1 shows the apparatus.

Even gas distribution at bottom of bed 1s achieved by means of a
distributor made of aluminum silicate, which practically consists of a porous
plate (140-200 pm pore size) 20 mm thick. Great care has been taken to seal the
junction between distributor and bed. To this end a special Triton Kaowall({™*,
cement has been used.

Flow of fluidizing gas is measured by means of conventional rotameter.
Inlet gas pressure 1is measured by conventional open tube manometers.
Temperature of bed is measured by means of thermocouple. On each side of the
bed at different heightsthree channels have been drilled and fitted with 12 mm
alumina tubes for coal feeding and gas sampling. .

ArrifleX cine camera, 16 mm, at 50frames per second has bees used for
optical observation and recording of F.B.C. behaviour. Analysis of singlem
frames has been carried out by means of a graphic tablet hooked to an Apple Ile
personal computer. Bubble areas were evaluated by means of specific software.
Time variation of dimension of coal and char particles was also analyzed by
means of the same technique.

A continuous sampling CO2
combustion.

The whole apparatus performed as expected. The bed could be kept steady at
temperature of 1223 K as long as necessary.

analyzer was also used for monitoring coal

RESULTS

To the best of authors' knowledge, the bi-dimensional F.B.C. is the first
that has been ever constructed. Consequently it seems that up to now no direct
optical test has been made yet on general fluidodynamics behaviour of fluid
beds at high temperatures. Results reported in the following refer to a bed 260
mm wide and 140 mm high of sand (density 2.6 g/cm”). Mass of solids was kept
constant at 1 kg. The first set of experiments that has been run was aimed at
assessing the possibility of testing these fundamental aspects of fluidization.

Minimum fluidization velocity U _ has been experimentally evaluated for
sand of two different sizes: 300+400n}lun and 850:1000 pm. In fig. 2 U _ values
measured at experimental conditions are reported against temperature.m{‘or both
sizes U decreases with increasing temperature. Results are in accord with
those og)gained by Botterill and Teoman (2) and can be easily explained on the
basis of viscosity increase with increasing temperature. Comparison with
available theoretical models has not been fully accomplished yet, owing to the
limited number of data. However first trials seem to indicate that for smaller
size, available theory extrapolated at operation temperatures underestimate
U .» whereas for larger size U _ is nearly correctly estimated at temperatures
lower than 673 K and is overestimated at higher temperatures.

Several films have been shot by means of cine camera with the aim of
measuring bed expansion and bubble volume fraction at different temperatures.
Results refer to bed of sand 300+400 ym size. In fig. 3 bed voidage is reported
against relative fluidization velocity U/U for different bed temperatures.
Bed voidage was evaluated by measuring on lH.lm frame bed height at different
U/Umf' Data show that bed voidage depends on temperature.
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Experimental technique features the possibility of measuring bubble size
on film frame by means of graphic tablet digitization. In fig. 4 an example
of digitized frame is reported. Bubble fraction at different U/U £ and
temperatures have been measured by means of the above technique. Results are
reported in fig. 5.

Combustion at 1123 K of batch of five particles of South African char,
approximately spherical, of 130 mg mass and 6 mm diameter each, has been
followed by cine camera recording and by monitoring CO, concentration in
exhaust gases. Burn-out time has been determined by observation of particle
disappearance and by CO, monitoring. Same experiment has also been performed
with batch of three particles of South African coal, each of 400 mg mass and of
9 mm diameter. Data are reported in fig. 6. Cine camera was run at immission of
particles into the bed and after 228 s and 552 s. In fig. 7 char particle
diameter against time 1s reported as evaluated by the two methods. Data
obtained by film frame analyses and data obtained by calculation of particle
diameter reduction from CO, concentration measurement, to compare fairly well.
On the same diagram theore%ical variation of char particle diameter with time
has been reported. Curve is drawn assuming shrinking particle model and
diffusion control.

Combustion of a batch of three South Africal coal particles tested alsc
apparatus capabilities of following devolatilization. Coal particles were
spherical with 9 mm diameter and with a weight of 400 mg each. Devolatilization
phase could be followed at ease and flamelets generated by gas combustion were
observed.

CONCLUSIONS

The first results confirm that the apparatus that has been developed can
be a powerful tool for studying high temperature processes in fluidized beds.
Specifically fundamental fluidodynamics of beds can be investigated and
combustion process of coal can be followed, even during devolatilization phase.
Hypotheses of current models can also be checked, though with the limitation
deriving from bi-dimensionality.
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Intra-Particle Sulfur Capture During Battelle Treated Coal
Combustion Under Simulated Turbine Conditions
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Introduction

For the last several years, Battelle Columbus Laboratories has been actively
conducting research on the development of a practical, cost-effective process
for improving both the fixed-bed gasification(1) and the boiler combustion(2)
characteristics of high-sulfur, agglomerating, low-reactivity bituminous coal.
The product of this research is a calcium-impregnated coal called Battelle
Treated Coal (BTC), given the acronym BTC. The properties of BTC are much
different from those of the raw coal from which it is processed(1,2). Spe-
cifically, these differences are:

o Increased ASTM volatile matter content.
Higher char reactivity.
Reduced tar formation tendency.
Hotter ash fusion temperatures.
Diminished coal particle agglomeration tendency.
Enhanced sulfur retention by the ash.

As near-term markets for gasifier and boiler coal diminish or stabilize, respec-
tively, Battelle has expanded the search for other old or new applications

for bituminous coal that would also benefit from the alterations that could

be given it by the Battelle calcium impregnation process. Recent planning

studies by the United States Department of Energy (U.S. DOE) have forecast

a need for coal-fired combustion turbines for the repowering of electric utilities
when they become capacity-limited or deficient in the early-to-mid 1990s(3).

The purpose of the program reported here is to demonstrate the promise of utilizing
BTC as a fuel in advanced, coal-capable combustion turbines.

This paper is the second(4) in a series to present the results of a U.S. DOE-
sponsored program designed to determine the intra-particle sulfur capture efficiency
of BTC under simulated combustion turbine conditions. The BTC consisted of

either of two high-sulfur (>4 percent by weight) I11inois No. 6 coals that

had been impregnated with calcium-containing catalysts using a proprietary

Battelle process., The simulated turbine combustion conditions consisted of
super-atmospheric pressure, ultra-high excess air levels, average firing temperatures,
and near-quantitative carbon conversion. Combustion test results reported

here will focus on the parametric and comparative effects of raw coal organic

sulfur content, calcium source, and calcium impregnation technique on sulfur
capture efficiency. The effects of pressure and temperature on sulfur capture
efficiency, as well as on ignition, burnout, and ash deposition, were the subjects
of the earlier report(4).
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Experimental

A coal-fired combustion turbine simulator was constructed at Battelle by converting
a continuous high-pressure reactor from a gasifier to a combustor{4). A schematic
of the combustion turbine simulator is shown in Figure 1. This device is capable
of simulating(3,4) the following combustion turbine conditions:
¢ Super-atmospheric pressure: 4 atmospheres.
Maximum coal flame temperature: 2600 F.
Maximum firing temperature: 1900-2100 F.
Maximum liner temperature: 1000-1500 F.
Primary fuel/air ratio: 20 percent excess air.
Overall residence time: 150-300 milliseconds.
Carbon conversion efficiency: 99+ percent.

A premixed methane/air pilot flame was first used to ignite the down-flowing
pulverized coal feed at atmospheric pressure. The coal firing rate was then
adjusted to about 40,000 Btu/hour. Primary air amounted to 20-30 percent of
the total air required for combustion at 20 percent excess air. Secondary

air made up the remainder. Temperatures were continuously monitored down the
vertical axis of the combustor at locations in the pre-to-post flame zones
using Inconel-sheathed Chromel-Alumel thermocouples. Firing temperature was
adjustable over a 200 F range by either varying the amount of tertiary dilution
air introduced or by oxygen enriching the secondary air to various levels.
After combustion was completed within the 12-foot long, 6-inch diameter combustion
chamber, samples of gaseous and solid products were collected using an uncooled
stainless steel probe or a cyclone mounted in the exhaust, respectively. Flue
gases were analyzed for €07, €0, 02, and SOz using conventional analytical
instrumentation(4). Once the diagnosis of atmospheric-pressure combustion
conditions was completed, the system was pressurized to 65 pounds per square
inch absolute (psia) and the gas/solid sampling procedure repeated.

The combustion test plan consisted of experiments designed to determine the
comparative in situ sulfur capture efficiency, under simulated combustion turbine
conditions of: (a) raw pulverized bituminous coal, (b} pulverized BTC prepared
from this raw coal, and (c) a physical mixture of the raw pulverized coal and
pulverized 1ime with the same amount of calcium added as for the BTC.

The two raw bituminous coals used were both from the I11inois No. 6 seam.

As Table 1 shows, both had total sulfur contents of greater than 4.50 weight
percent. The difference between them was that one's total sulfur was predominately
organic, whereas the other's consisted of a near-equal split between organic

and inorganic sulfur.

The raw coals were first dried to about 2 percent moisture, pulverized to 85-90
percent minus 200 mesh (75 microns), and then fired.

To produce BTC, coarse raw coal, 100 percent minus 20 mesh (850 microns), was

first treated via the proprietary Battelle calcium impregnation process (1)

to increase its molar Ca/S ratio to the levels Tisted in Table 1. Either commercial
grade or technical grade Time was used as the source of the calcium. The difference
between these calcium sources is purity and cost with the commercial grade

being Tess pure and less expensive. The BTC was then dried to 2-3 percent

moisture, pulverized to 85-90 minus 200 mesh, and then fired.
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For the third fuel, finely-pulverized (85-90 percent minus 200 mesh) raw coal
was physically mixed with either the commercial or the technical grade lime,
each having a particle size of 100 percent minus 325 mesh (45 microns), and
then fired. The physical mixtures' molar Ca/S ratios were adjusted to be as
equivalent as possible to that of the BTCs (see Table 1).

Results

The following are the significant new results regarding sulfur capture of these
Tatest combustion tests, the results of which are documented in Table 1:

e Inherent sulfur capture by raw I11inois No. 6 seam coal appears to
be independent of sulfur form, i.e., organic vs inorganic.

e Sulfur capture by I1linois No. 6 seam coal treated via the Battelle
calcium impregnation process (BTC) apepars to be independent of sulfur
form and grade of 1ime at both low and high Ca/S ratios.

e Sulfur capture by BTC made from I11inois No. 6 seam coal is at least
50 percent more efficient than that achievable upon physically mixing
raw coal and either grade of lime.

e Sulfur capture by BTC at low Tevels of calcium impregnation exhibits
a positive pressure dependence over the entire range of pressures studied.

e A1l other positive effects of Battelle calcium impregnation on raw
coal combustion performance(4) -- higher ash fusion temperatures, Tower
free-swelling indices, smaller fly ash, negative pressure dependence
for NOy -- are observed for the organic sulfur enriched I11inois No.
6 seam coal.
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Mechanism Of Radical-Radical Reactions:
The Reaction Of Atomic Hydrogen With The Formyl Radical

Lawrence B. Harding and Albert F. Wagner

Chemistry Division, Argonne National Laboratory,
Argonne, IL 60439

Abstract
The addition and abstraction reaction pathways on the potential energy surface for H+HCO have
been characterized by an ab inirio four electron, complete active space, self-consistent field
electronic structure calculation. The elimination pathway to go from the excited adduct H2CO* to
products Hy+CO has already been characterized by others[1]. All this information is used in
variational transition state theory and RRKM calculations to calculate a rate constant as a function of
temperature and pressure. The room temperature value agrees with the lowest of three experimental
measurements. The results indicate that abstraction is the dominant process.

L. Introduction

While the dissociative dynamics of HoCO have been well studeid[1,2], the reverse reactions of the
dissociation products are less well known. In particular the three measurements[3-5] of the rate of
H+HCO differ by almost an order of magnitude and have only been done at room temperature. Like
many radical-radical reactions, H+HCO has several possible pathways to reaction:

H+HCO - H, +CO (1a)
H + HCO - HyCO* —— H, + CO (1b)
H,CO (10)

M]

Reactions (1a) and (1b) are disproportionations by either direct, bimolecular abstraction or
addition-elimination. Reactions (1¢) is recombination by pressure stabliztion of buffer gas [M]. In
this theoretical study, the reaction pathway of abstraction (1a) and of adduct formation in (1b) and (Ic)
are characterized by electronic structure calculations. Then this information along with the
characterization of the elimination of (1b) are used in dynamics calculations of the rate constant.

11 Potential Surface Calculations
The calculations reported here employ the Dunning([6], valence, double-zeta contractions of the

*Work performed under the auspices of the Office of Basic Energy Sciences, Division of Chemical
Sciences, U. S. Department of Energy, under Contract W-31-109-Eng-38.
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Huzinaga[7] (9s,5p) sets of oxygen and carbon centered primitive Gaussians. For the hydrogens the
(4s/2s) contraction was used with a scale factor of 1.2. In addition sets of d polarization functiions
were centered on the carbon and oxygen (a=0.75, a=0.85) and one set of p polarization functions
on each of the hydrogens (a=1.0).

With this basis set, four electron, four orbital complete active space, self-consistent field
(CASSCF) calculations were carried out. In this wavefunction the four electrons invioved in the two
CH bonds of formaldehyde are correlated with all possible orbital occupations of four orbitals, a total
of 20 configurations. The remaining electrons are not correlated. With the exception of minor
differences in the basis set, this is the same wavefunction used by Dupuis et al[1].

The calculations were carried out with the Argonne QUEST-164[8] programs, SOINTS and
UEXP. An average calculation on a planar point took approximately 11 minutes on the FPS-164 while
a typical nonplanar point required 16 minutes. The energy was evaluated at a total of appoximately 300
points.

Initially it was assumed that the addition and abstraction reaction coordinates could be approximated
by the distance between the carbon and the incoming hydrogen. The grids of points were calculated at
0.5 auincrements in this CH distance along the two paths. A total range of CH distances from 5 to 10
au was covered. Variations in the inactive geometrical parameters of 0.05 au for bond lengths, 5°-10°
for bond angles and 10°-20° for the dihedral angle were used. These grids of points were then fit
separately to Simons-Parr-Finlan type expansions, using the program SURVIB[9], inorder to obtain
local representations of the potential surface in the region of the abstraction and addition reaction paths.
The dependence of the energy on the angle of approach is depicted in Figure 1. From this figure it
can be seen that there are two distinct reactive channels, one corresponding to abstraction and one to
addition. The calculations predict no significant barrier in either channel.

The two reaction paths were then obtained by following steepest descent paths in mass-weighted,
atomic cartesian coordinates. The starting points for the two paths were obtained by freezing the CH
distance at 8 au and optimizing the remaining geometrical parameters. Two minima were found in this
procedure (see Figure 1), one in which the incoming hydrogen is trans to the HCO hydrogen and a
second in which the two hydrogens are cis, these were used as starting points for the addition and
abstraction paths respectively. A plot of the energy along the two reaction paths is given in Figure 2.
Vibrational frequencies were obtained along the reaction paths by numerically calculating the second
derivative matrix in mass-weighted atomic cartesian coordinates, projecting out the translations,
rotations, and gradient vector, and then diagonalizing the resulting 5 dimensional matrix. Plots of the
vibrational frequencies along the two reaction paths are given in Figures 3 and 4.

ML Rate Constant Calculations

The calculated frequencies, structures and energetics as a function of distance along the reaction
path can be used directly in a variational transition state theory (VTST) calculation to produce the
abstraction rate constant, ie., for Reaction (1a). In this calculation, the rate constant at each
temperature is that one which is a minimum with respect to position along the reaction path. Two of
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the vibrational frequencies go to free rotations of the HCO in the reactant asymptote. The partition
function used in the VTST expression for these two degrees of freedom is approximated as the
minimum of the vibration or free rotation partition function. Subsequent calculations will include the
hindered rotor effects. The resulting abstraction rate constant is shown in Fig. 5 along with the three
rate constants measurements refered to in the introduction.

The measurements include both abstraction and addition processes. The VTST rate constant for
addition is also in Fig. 5. This rate constant was determined in the same way as for abstraction, only
with the calculated addition frequencies, structures and energetics. However, unlike abstraction, this
rate constant can not be directly compared to experiment because it is only an adduct formation rate
constant to form metastable, highly vibrationally excited H2CO*. H2C0* may decay back to
reactants, may go on to products by eliminating H,, ie., Reaction (1b), or may be stabilized by buffer
gas to thermalized HyCO, ie., Reaction (1¢). That fraction of the adduct formation rate constant that
corresponds to elimination or stablization is what is needed for comparison to experiment. To
determine that fraction, characterizations of the potential energy surface in the region of the HCO
equilibrium and the elimination transition state H-+"H+-CO are required. Then the stablization rate
constant and variational RRKM theory can be used to calculate the rate constant for Reactions (1b) and
(1c).

In electronic structure calculations of comparable quality, Dupuis et al.[1] characterized the
structure and frequencies of both HyCO at equilibrium and the H--‘H--CO elimination transition state.
The calculated properties at the equilibrium are very close to the experimental values and for
consistency are used in the rate constant calculations. In a careful study of the energetics, the best
estimate of the calculated barrier height to elimination is 8113 kcal/mole with the zero point energy
correction. Experimental values[2] for the energetics give a number of about 8421 kcal/mole. The
expeimental value for the energetics of HyCO dissociation to H+HCO is about 8612 kcal/mole and is
due to thermochemical measurements with the uncertainity from the heat of formation of HCO[10].
These experimental values for the enegetic placement of asymptotes and barrrier heights will be used in
the rate constant calculations.

With the transitition states selected at each temperature by the VIST calculation for formation of the
adduct, chemically activated RRKM calculations were be performed to determine the subsequent fate
of the adduct. These calculations are of a standard form[11] with total angular momentum
approximately included only as a thermally averaged value. A direct count Beyer-Swinehart
algorithm[12] is used. Tunneling through the elimination barrier is included in in an Eckhart
manner[13]. The final pressure dependent rate constant produced is in the high pressure limit the
adduct formation rate constant in Fig. 5.

The calculations require as input the rate constant for stablization of the HpCO* by buffer gas. In
the three experiments, the buffer gas differs. CO, HyCO, and Ar were used at pressures ranging from
a few torr to atmostpheric. Under these conditions, stablization of the adduct turns out to be an
unlikely event and the calculations are not particularly sensitive to detailed specifications of the
stablization rate constant. The rate constant used is the the Lennard-Jones gas kinetic rate constant
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times an efficiency factor for stablization. The Lennard-Jones parameters are taken from the tabulation

of Ref. 14 with the values for ethylene used for HyCO*. The efficiency factor is determined in a way
to empirically mimic a master equation solution[15] and requires as input the average energy <AE>
transferred between buffer gas and metastable adduct per up and down collision. This value used (-20
cm'l) were those measured[ 16] for CS,, the only triatomic where direct measurement of <AE> have
been published. <AE> was presumed to be independent of temperature[17].

To complete the input for the chemically activated RRKM calculations, the external rotations of the
equilibrium and saddle points must be classified as either active or adiabatic. The external rotations are
presumed similar to those of a symmetric top. The conserved total angular momentum and its
projection on a space fixed axis are associated with the two larger moments of inertia and are treated
adiabatically. The projection of the total angular momentum on the molecular axis is associated with
the smallest moment of inertia and is not necessarily a conserved quantity. If there is substantial
vibration-rotation interaction through centrifugal stretching or Coriolis coupling, the energy associated
with this projection becomes active[18]. The amount of vibration-rotation interaction in H+HCO is
unknown and so in the calculations this degree of freedom was treated both ways, either actively or
adiabatically. Fortunately the results are not particularly sensitive to the choice and only those for the
active treatment will be discussed.

In Fig. 5 the final calculated rate constant for reactions (1b) and (1¢) as a function of pressure in Ar
buffer gas is displayed for two different choices of the energetics of dissociation of formaldehyde. As
mentioned above the experimental uncertainties in both the height of the elimination barrier and the
H+HCO asymptote relative to the bottom of the HyCO well are a few kcal/mole. The two cases in
Fig. 5 are for the difference between the asymptote and barrier (ie., AE) being as large or as small as
these uncertainties atlow. The pressure dependence of the calculated rate constants show that
stabilization (1¢) is a minor process relative to elimination (1b) although, as expected, it is more
important if the elimination barrier and the H+HCO asymptote are very close to one another. The
importance of elimination should increase with changing the buffer gas to CO or HyCO but not so as
to qualitatively change the results. The figure also shows by comparison to the adduct formation rate
that the most likely fate of the adduct is to decompose back to reactants. This is due to the fact that the
elimination transition state is a tight, constricted configuration and the lifetime of the adduct (which
controls stablization) is short because it is only a 4 atom system. As a result, direct abstraction is the
dominant process. The sum of abstraction, addition-elimination, and stablization rate constants gives a
total rate constant at or slightly below (depending on the choice of energetics) the lowest and most
recent experimental value[5].
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Abstract

We use ab initio potential energy surfaces, including new parametrizations of
the bending potentials for the two lowest electronic states, to calculate the rate
constants for the reaction 0(3P)+H2. The dynamics calculations are based on
variational transition state theory with multidimensional semiclassical tunneling
corrections. We present results for the temperature range 250-2400K. In general
the calculated rate constants for the thermal reaction are in excellent agreement
with available experiments. We also calculate the enhancement effect for exciting
H2 to the first excited vibrational state. For the reaction of vibrationally
excited H2 the rate constant is based on a dynamical bottleneck of 7.2 kcal/mol,
as compared to a saddle point value of 12.6 kcal/mol, and it is in good agreement
with experiment. The good agreement of theory and experiment for the excited
state rate provides a dramatic demonstration of the reality of dynamical bottle-
necks at locations far from the saddle point.

1. Introduction

Theoretical advances in chemical kinetics often require integration of several
kinds of information. The combination of electronic structure and chemical dyna-
mics calculations provides one particularly fruitful way to gain a detailed under-
standing of the forces responsible for observed kinetic phenomena. In our own
work we have made several calculations of chemical reaction rates based on
potential energy surfaces derived in whole or in part on ab initio electronic
structure theory. Systems studied have included the reactions H+H2, OH+H2, 0+0H,
F+H2, and 0+H2.

The 0+Hp reaction, unlike all the others on the above list, has more than one
Tow-1ying potential energy surface. In addition to the 1A' water surface, that
does not correlate adiabatically to the 3P state of 0, there are two 3A' surfaces
and a 3A" one that do. One 3A' surface and the 3A" surface form a degenerate I
state for all collinear goemetries but have different bend potentials: The 3" state
has a significantly broader bending valley, and hence it dominates the thermal rate
at most temperatures of interest, although the 3A' state may make a non-negligible
contribution at high temperature (1,2). The second 3A' state is unimportant for the
thermal reaction rate. In our previous calculations (3,4) we included only the
contributions from reaction on the lowest-energy 3A" surface. The collinear part
of this surface was treated by the modified rotated Morse oscillator spline fit of
Lee et al. (5) to the ab initio calculations of Walch et al. (1,2,6) and the bend
potential was treated Dy an anti-Morse bend model (7-9) with one parameter adjusted
to reproduce the harmonic bend potential at the saddle point for the same ab initio
calculations. In the present paper we include both electronic states, and the
potential energy surfaces are treated by an improved parametrization. The improved
parametrization consists, for each of the two surfaces, of a three-parameter fit to
the bend potential so that it agrees with the newest ab initio calculations (10)

73



for large-amplitude (45°) bends at three points along the reaction path, including
both the saddle point and a point close to the vibrationally adiabatic ground-
state barrier maximum. We use the PolCI calculations of Walch et al. (1,6,10)
because (i) they are available at enough geometries to determine both potential
energy surfaces in the regions important for the reaction rate and (ii) they appear
reasonably accurate. We note that in our previous study (4) of the 0+H2 reaction,
we calculated rate constants for five potential energy surfaces. Two of these,
called surfaces P and M, were based on the Pol1CI calculations, and the results
appeared to show that these were the most accurate of the five.

The procedure used to fit the bend potential in the present study is a
specific example of a strategy that may be very useful in many cases (11), namely
the fitting of a globally defined potential in the wide vicinity of a reaction path
with speciai emphasis on dynamical bottleneck locations (12) as determined by
Yar;ationa1 transition state theory (13,14) or the adiabatic theory of reactions

15).

Having obtained a representation of the potential energy surface, we calcula-
ted both thermal rate constants and state-selected rate constants for vibrationally
excited H2 by variational transition state theory with semiclassical ground-state
transmission coefficients (3,16-18). These methods have been shown to provide
reasonably accurate estimates of the quantum mechanical local-equilibrium and state-
selected reaction rates for most chemical reactions (3,13,14,19,20). In general we
believe we can use these methods to calculate rate constants that are reliable for
a given potential energy surface to within a factor of two or better at room tem-
perature and above. This is sufficient to compare computed rate constants to
experiment, to test ab initio potential energy surfaces, and to draw useful conclu-
sions about which features of the potential energy surface are significant for
determining the magnitudes of observed rate constants and kinetic isotope effects.

2. Potential Energy Surfaces

The 3 potential energy surface is represented by the rotated Morse oscillator
spline function of Lee et al. (5) for collinear geometries augmented by an anti-
Morse bend (AB) potential (7-9). The parameters of the bend potential are adjusted
to ab initio calculations (1,6,10) in the region near the saddle point and the
vibrationally adiabatic ground-state barrier maximum {the maximum of Vg(s) in the
notation used previously (12,17)}. Further details are given elsewhere (21).

3. Dynamical Calculations

We calculated a separate rate constant for each potential energy surface.
Denoting these results by kas and ka' respectively, the thermal (i.e., canonical
ensemble) rate constant is

k = kA' + kA" 1)

Each of the single-surface rate constants includes a multiple-surface coefficient
(22) equal to 3/Q§ where 3 is the electronic degeneracy of the generalized transition
state and 081 is the electronic partition function of atomic 0.

The single-surface rate constants were calculated by improved canonical varia-
tional transition-state-theory (ICVT) with semiclassical ground-state transmission
coefficients. The methods are described in detail elsewhere (3,16-18). First we
calculate the minimum energy path (MEP) by following the negative gradient of the
potential in mass-scaled coordinates. Then for each distance s along the MEP we
calculate the improved generalized standard-state free energy of activation
AGIGT,0(T,s) for a generalized transition state at this s, where T is the tempera-
ture. The hybrid ICVT rate constant for temperature T is then given by
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1) = min &0 ¢ Oerp-a6"8T:0(7,5)/k7] 2)
S

kICVT(

where k is Boltzmann's constant, h is Planck's constant, and K0 is the reciprocal

of the standard-state concentration. This rate constant is a hybrid because the
reaction coordinate is treated classically but other degrees of freedom are all
treated quantally. In the final step we add quantal effects on the reaction coordin-
ate by a ground-state (G) transmission coefficient «G(T):

kICVT/G(T) - KG(T)kICVT(T) 3)

We consider two methods to approximate «G(T): the minimum-energy-path semiclassical
adiabatic method (MEPSAG) (17) and the least-action method (LAG)(18). The latter
accounts for the shortening of the tunneling path due to the system "cutting the
corner” of the curved MEP through mass-scaled coordinates by finding the dynamically
optimal tunneling path by evaluating an imaginary-action functional along a one-
parameter sequence of trial paths. These vary linearly between the MEP at one
extreme and a straight line through mass-scaled coordinates from the translational
turning point on the MEP in the entrance channel to the translational turning point
on the MEP in the exit channel at the other extreme.

Anharmonicity is included as discussed elsewhere (3,17).

The evaluation of state-selected rate constants for H2 in the n=1 excited
vibrational state requires further assumptions. Figure 1 shows the vibrationally

adiabatic potential curves for n=0 and 1 for the 3A” surface. The potential curves
in Fig. 1 are defined by

VI(n,s) = Vyep(s) + ey (ns) + 268 () 4)

where VMep(s) is the Born-Oppenheimer potential on the MEP, egtp(n,s) is the local
vibrational energy of the stretching mode orthogonal to the MEP and in quantum state
n, and Zegend(s) is the local zero point energy of the twofold-degenerate bending
mode. Figure 2 shows the same quantities for the 3A' state. In both cases we
also show the curvature x(s) of the MEP through mass-scaled coordinates (17). We
will consider two limits for the excited-state rate constants. The first is the
adiabatic limit (4,16,18,23), in which case we perform calculations identical to
those for the thermal reaction rate except that in both AGIGT,0(T,s) and the
tunneling calculation we neglect all stretching vibrational states except the n=1
stage. The second treatment is a sudden nonadiabatic model explained elsewhere
(21).

We will consider three reactions:

0+ H2 +0H + H R1)
0+ D2 +0D+D R2)
0+HD+OH+Dand OD+H R3)

4. Results

Table I shows results for two methods of calculating transmission coefficients.
The MEPSAG results are based on a semiclassical adiabatic treatment of tunneling
along the minimum energy path (17). As compared to the LAG method this underesti-
mates the rate constrant by a factor of 24 at 200K and a factor of 3.3 at 300K. This
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confirms, as first discovered for the H+H2 reaction (24) and then found in many

cases (4,13,16-19,25-31), that multidimensional effects on the tunneling probabilities
are very important and reduction to a one-dimensional problem by simply straightening
out the minimum-energy reaction path seriously underestimates the extent of tunneling.

Table I also compares the final thermal rate constants of this study for reac-
tion R1) to a selection of experimental (32-34) results. For 297-472K, the table
shows only the most recent experimental data (32). The ICVT/LAG rate constants are
usually larger than these results but agree within 25%. Rate constants in this tempera-
ture range are very sensitive to the barrier height, and the uncertainty in the ab
initio potential energy surface is certainly great enough to yield larger errors.
Thus the agreement of the present calculations with experiment is better than could
have been expected. Furtherimore the other recent experimental measurements in this
range do not all agree with those of Presser and Gordon within a factor of two. The
most recent evaluation (33) of experimental data for the 0+H2 reaction concludes
that for T>400K the expression of Baulch et al. (34) fits most of the data within
experimental error. We use this expression for the experimental values at 600-1500K.
In this temperature range the present calculated rate constants are all larger than
these experimental results, but the ICVT/LAG results are high only by factors of 1.2-
1.5. At 2400K the agreement with experiment (35) is excellent.

We also calculated thermal rate coefficients for the isotopic analog reactions
and the kinetic isotope effects and compared them to experimental (32,34-37) results.
Because of space limitations we simply point out here that the calculated results
agree with the experimental ones within the reliability of the latter. We also cal-
culated kinetic isotope effects by conventional transition state theory (TST)}. These
are qualitatively similar to the ICVT/LAG results, and hence also to the experimental
results, but that is at least partly fortuitous since TST greatly underestimates the
individual isotopic rate constants. For example for reaction R1) the TST rate con-
stant is a factor of 9.3 lower than the ICVT/LAG one at 300K and a factor of 2.5
smaller at 400K. The LAG transmission coefficients are even larger, 12.6 at 300K and
3.1 at 400K, but the lack of quantal effects on reaction-coordinate motion in con-
ventional TST is partly compensated by the lack of variational minimization of the
hybrid rate constant with respect to the location of the generalized transition state.
Then a further cancellation of errors occurs in the kinetic isotope effect ratio.

The adiabatic and sudden nonadiabatic rate constants for reaction R1) with
vibrationally excited Hy are very similar for the present potential energy surface;
thus we tabulate only the adiabatic values. The rate constants calculated by the
adiabatic theory for reaction R1) when H2 is excited to the n=1 vibrational state
are given in Table 1I. We see that the transmission coefficients (ratios of ICVT/LAG
tunneling-corrected rate constants to ICVT hybrid ones) are 2.6-2.7 at 302K, which
are very significant factors but are smaller than for the thermal reaction rate.

At 302K the calculated vibrational enhancement factor in the ICVT/LAG approximation
is 1.4x103 by Light (38), but it is only 8.2x 102 times larger than the interpolated
¥au1e of Presser and Gordon (32). The agreement of theory with experiment is satis-
actory.

Table IIT shows some of the properties of the dynamical bottlenecks for the
vibrationally excited reaction. The variational. transition states are farther from
the saddle point (s=0Q) for the vibrationally excited reaction than for the thermal
reaction. Similar results have been found previously for H+H2 (23) and OH+H2 (39)
for vibrationally excited reactants. This means that the improved parametrization
of the bend potential for geometries far from the saddle point becomes more important
for n=1. It also means that conventional TST becomes worse. Conventional TST pre-
dicts a vibrational enhancement factor of 2.5x105 at 302K, which is two orders larger
than the accurate values. The good agreement of the ICVT/LAG values with experiment
provides a dramatic demonstration of the reality of dynamical bottlenecks at locations
far from the saddle point.
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TABLE 1. Thermal rate constants (cmomolecule™'s™) for 0+Hp » OH+H.

T(K) ICVT ICVT/MEPSAG ICVT/LAG Exp.

250 2.94(-20) 2. 1.77(-18 T a
297 8.45(-19) 3. 1.15(-17 1.0(-17)
318 2.76(-18) 8. 2.38(-17 1.9(-17)a
370 2.93(-17) 6. 1.20(-1 1.1(-16)a
422 1.75(-16) 3. 4.70(-1 3.8(-16)a
472 6.84(-16) 1. 1.83(-1 1.2(-15)a
600 8.21(-15) 1. 1.24(-1 1.0(-14)b
1000 3.89(-13) 4. 4.45(-1 3.4(-13)b
1500 3.31(-12) 3. 3.52(-1 2.3(-12)b
2400 2.10(-11) 2. 2.15(-1 2.1(-11)¢

3 presser and Gordon (32).
® Baulch et al. (34).
 pamidimukkala and Skinner (35).

TABLE II. Rate constants (cm3molecu1e']s_]) for the state-selected reaction
0+H2(n=1) -~ OH+H.

T(K)

ICVT/LAG

250
302
400
1000
2400

1.0(-14)

3 from Light (38).



TABLE III. Bottleneck properties at conventional and canonical variational
transition states for O+Hp(n=1) » OH+H.2

S n= - 9
Surface F S Mz a3 Viep Valn=1) gy (nel) Zhend
(ao) (ao) (ao) (kcal/mo1)  (kcal/mol)  (kcal/mol)  (kcal/mol)

3pn .. 0.00 2.29 1.74 12.58 19.07 4.89 1.61
300 -0.55 2.95 1.45 7.22 23.02 14.74 1.07

1000 -0.51 2.91 1.45 7.64 22.96 14.22 1.10

3a s 0.00 2.2%9 1.74 12.58 20.00 4.89 2.53
300 -0.54 2.93 1.45 7.36 23.92 14.57 1.98

1000 -0.51 2.90 1.45 7.69 23.87 14.14 2.04

a ri2 and r23 are the nearest-neighbor OH and HH distances at the saddle point
(s=0) or the variational transition state for the temperature indicated.
1 ag=1 bohr=0.5292 &.

(M
(2)
(3)
(4)
(5)
(6)

(7)
(8)
(9)

(10)

(1)

(12)
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Fig. 1. Vibrationally adiabatic potential curves (solid curves with scale at left)
defined by eq. 4) for n=0 and 1 and curvature of the reaction path
(dashed curve with scale at right) as functions of the distance s along
the minimum energy path through mass-scaled coordinates for the
potential energy surface. The saddle point is at s=0.
marks on the ordinate scales denote the energies of 0+Hz(n=1), left
side, and OH{n=1) +H, right side.
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FUNDAMENTALS OF NITRIC OXIDE FORMATION IN FOSSIL FUEL COMBUSTION

Thomas J. Houser, Michael E. McCarville and Gu Zhuo-Ying

Chemistry Department, Western Michigan University
Kalamazoo, MI 49008

INTRODUCTION

Combustion of fossil fuels in Tlarge stationary furnaces causes the
emission of nitrogen oxides, a large fraction of which arise from the
nitrogen-containing components in the fuel, producing a major pollution problem
which is expected to increase in severity in the future. The results being
reported in this paper are part of those obtained from a continuing study
to determine the mechanism by which these oxides may form. Because studies
have shown that most of the nitrogen in heavy oils is in the form of
heterocycles (1-3) and it is believed that the nitrogen components of coal
are similar, pyridine was selected as representative of these components.
It was assumed that the radical fragments formed during pyridine pyrolysis
and rich, low temperature oxidation would be similar to those obtained from
the same reactions of fossil fuels that occur during the pre-flame stages
of combustion. Later experiments emphasized HCN oxidation since several
studies indicated that it was the key volatile, nitrogen-containing
intermediate formed during fuel nitrogen combustion (4-8). In addition,
HCN used with several fuel additives allowed a greater control of the chemical
nature of the reaction environment. We have previously reported on the inert
pyrolysis kinetics of pyridine (9), the rate of formation of HCN during
pyridine pyrolysis (10), the oxidation kinetics of cyanogen (11), and of
pyridine (12) and HCN (13) at low temperatures.

EXPERIMENTAL

A flow system designed to operate at atmospheric pressure was constructed
for the study of the oxidation of the pertinent nitrogen-containing reactants.
The system is suitable for the introduction of volatile 1liquids (reactants
and solutions with additives) into a heated helium stream through the use
of a syringe pump to drive a calibrated, tuberculin syringe. The system
can also utilize gaseous species; these reactants and additives, mixed with
helium at the desired concentrations, are maintained in steel storage tanks.
The flow stream is examined by a quadrupole mass analyzer equipped with
capillary probe atmospheric sampler which functioned as an on stream monitor
for the consumption of reactants. Helium is used as the carrier gas because
it is chemically inert and has a very high thermal conductivity, thus providing
rapid heating and quenching. The system has a group of removable Vycor
reactors heated by an electric furnace. One reactor was a stirred-flow design
(40 cc) which had been previously tested for stirring efficiency (14}, the
others were plug-flow type (10 to 40 cc). A flow line which bypasses the
reactor was used so that entrance and exit concentrations of reactants could
be measured. A Thermo Electron Chemiluminescent NO/NOy analyzer with on
stream sampling was used for the oxidation studies of pyridine, HCN and N20.
A modification of the flow stream was required to obtain direct samples from
the reactor effluent to measure the light gases with a gas chromatograph.
A linear switching valve was used to provide a series-bypass capability with
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constant back pressure for the two columns. A molecular sieve 5A column
was used for 02, Ny and CO while a porous polymer Chromosorb 101 column was
used for COp and Np0. In order to determine the amounts of HCN and NH3
produced from the oxidation of pyridine and HCN, dilute solutions of NaOH
or HC1 in the bubble towers were used in separate experiments to trap the
HCN or NH3 respectively, for ion-specific electrode analysis. A second bubbler
in series with the first was found to be unnecessary.

RESULTS AND DISCUSSION

The current study has shown that in order to produce significant yields
of NO from the oxidation of pyridine or HCN-fuel mixtures, conditions which
promote a flame must exist in the flow reactor. The existence of a flame
was confirmed by visual observation in several, but not all, experiments.
The capability of producing a flame depends on the nature of the fuel (Tables
1, 2 and 3, all data are stirred-flow), temperature (Tables 1, 2, 3 and 5),
concentrations (Tables 1-5), reactor design (stirred - or plug-flow, Table
5), and flow rate (Tables 1 and 5). The conditions which promoted NG formation
where characterized by complete consumption of fuel-nitrogen at all flow
rates in the stirred-flow reactor, however, the plug-flow reactor exhibited
an inverse consumption at intermediate temperatures, at first decreasing
from complete consumption at high flows, passing through a minimum then
increasing again (Table 5, CgHgN and HCN/CgHe mixtures at 800 C and HCN/CO
at 700 C) while the NO yield continually decreased. After a threshold
temperature was reached in the plug-flow reactor, the NO yield did not appear
to depend on temperature significantly (Table 5). The non-flame conditions,
at relatively 1low temperatures and/or concentrations of fuels, were
characterized by a flow rate dependent consumption of fuel-nitrogen which
was converted essentially completely to N» and Np0 (maximum yield of about
50% of the latter) (12, 13). This was observed in both types of reactors,
however, the flame condition persisted to a much lower temperature in the
entrance of the plug-flow reactor as evidenced by visual observation and
NO production. The observed dependence of NO yields on flow rate, first
increasing to a maximum then decreasing (Tables 1, 2 and 5) in the stirred-flow
reactor was not observed with plug-flow, thus is thought to be an anomaly
due to reactor-induced flame instability. However, other yield dependencies
are qualitatively the same in both types of reactors. The transition between
flame and non-flame reaction was abrupt as evidenced by a rapid increase
in fuel nitrogen consumption and shift in products, thus is attributed to
a change in mechanism rather than a sequential process.

Specifically it was found that pyridine and benzene/HCN mixtures give
similar results (Tables 1, 2 and 5) while CO (Tables 2 and 5) and acetylene
(13) added to HCN promoted NO formation at Tower temperatures and
concentrations (on an atom or heat equivalent basis), than the other fuel
combinations.  Mixtures of Hp/HCN were very different from other fuel
combinations, producing Tower extents of HCN consumption and very Tow to
negligible yields of NO at conditions which normally gave high yields of
NO with other fuels (Table 1). Finally, it has been clearly established
that N20 was the prevalent oxide of nitrogen at Tow temperatures (Table 5
and Reference 15) and/or equivalence ratios (Table 4), whereas NO became
prevalent at higher temperatures and fuel concentrations (up to stoichiometric
mixtures) and that their concentrations were inversely related. 1In order
to further check the possibility of NO/N,0 interconversion experiments were
performed by adding NO2 (NO did not exist in our reactant storage tank) to the
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reaction mixture at low temperatures and by oxidizing NoO in the presence
of various fuels (Table 7). The results with NO were somewhat inconclusive
since some experiments showed some increase in N0 and others did not (16).
The relatively small increases observed indicate that NO/NO» could not be
a major source of Np0 at those conditions. The results with N0 clearly
show that NO is not formed from N0 in large yields.

In addition to the volatile products observed, it was noted that a
white solid was formed (about a 3% yield) at non-flame conditions with lean
mixtures of HCN/CO/0p and HCN/Hp/02. Samples of these solids were examined
by infrared and elemental analyses which indicated that those from HCN/CO

\igNCO, wnhereas most, but not all, of those from HCN/Hp were urea
(Table 8%. It was also found that a room temperature sublimate from NHgNCO
was urea, indicating an easy conversion was possible. These solids show
the presence of NH3 and HNCO in the reactor at non-flame conditions. In
an attempt to determine the nature of the intermediate that leads to N0
formation, oxidation studies of methylisocyanate and dimethylhydrazine, with
and without additive fuels, were made. No increase in Ny0 formation was
noted from these over that obtained from HCN.

CONCLUSIONS

The conclusions reached from the above observations are: (1) That
N20 and NO are probably formed from a common precursor in the mechanistic
chain, although possibly not the same immediate intermediate, and neither
are formed from each other. The data strongly shows that NO does not form
at those lower temperatures which promote N0 ‘formation and N0 does not
oxidize to NO. In addition, the equivalence ratio dependence shows that
N0 forms at leaner conditions than does NO, which is most likely due to
maintainance of flame conditions at the more rich condtions. Thus, the
reported mechanism steps for the formation of N20 from NO, at least at our
conditions, are not applicable (17). (2) That NO. formation cannot occur
primarily by an interaction between NH or N and OH, as usually assumed in
mechanisms {17), because of the observed influence of different fuels on
the conditions necessary to produce NO.
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TABLE 1 Fuel Type Effects on NO Yields (% of Reacted N) at 950 C
Reactants - Initial Concentrations (mole %)
.9CgHEN/70p 1HCN/.5CgHE/70p  1HCN/3C0/707 1HCN/ 3H2/702 1HCN/3H2/602b
Time(sec)\ERA .87 .79 .46 .46 .54
0.375 \ER 13 18 42 -- 0.4
0.5 12 26 35 0.5 0.3
0.75 27 67 34 -- --
1.0 69 66 32 0.3 0.2
2.0 44 42 19 -- --
4.0 6 14 5 - -
.5C5HEN/702 . 2HCN/.25CgHE/3.50p 2HCN/SCO/70, 2HCN/1402 2HCN/70p
Time(sec)\ER® .48 .64 -86 .25 50
0.375 17 -- -- -- --
0.5 24 24 70 2.0 2.1
1.0 32 26 60 2.2 5.0
2.0 44 52 35 1.1 5.5
4.0 24 29 14 0.5 2.8
(a) Equivalence ratios were calculated on the basis of C0, Hp0 and NO as products
(b} These were run at 900 C

TABLE 2 Temperature Effects on NOy Yield (% of Reacted N) for Various Fuels

-9C5HsN/70(.87)8 -5C5H5N/702(.48) 1HCN/ . 25CgHg/70( . 52)

Time(sec) 900 C 950 C 300 C 350 C 500 C
0.5 6 12 13 24 5
0.75 14 27 -- -- -
1.0 20 69 13 32
1.5 10 54 -- 56 -
2.0 7 44 9 44 5
4.0 -- 6 12 24 3

.25HCN/ . 2CgHg/3.502(.53) 2HCN/4C0/702(.79)
925 ¢ 950 C 1000 C 800 C 900 C 1000 ¢
0.5 15 24 -- 8 40 56
1.0 15 26 96 8 41 52
2.0 12 52 80 2 30 48
4.0 -- 29 44 -- -- 26
1HCN/6€0/120,( . 40) 1HCN/8C0/1205( . 48)
700 ¢ 800 C 900 € 700 C 800 C
0.5 2 29 70 7 46
1.0 4 62 66 27 80
2.0 2 56 56 70 69
4.0 -- 20 20 1 27

(a) Reactant concentrations and (equivalence ratios) are the same basis as in Table 1
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HNO—-O

TABLE 3 Fuel Rich NOy Yields (% Reacted N)

.65C5HEN/3.505(1.25)a 1HCN/8C0/302(1.92)
Time(sec) 1000 cb 800 C 900 ¢
5 12 6 55
.0 22 7 51
.0 22 1 30
0 12 0.2 8
1HCN/4C0/205(1.88) 1HCN/5C0/405(1.06)
1000 € 800 C 900 C
3 10 48
4 33 44
2 24 32
- 3 10

oOOoOOoOwm

See Table 1 footnote (a) for ER calculation
Yields were negligible for this mixture at 900 C

TABLE 4 Equivalence Ratio Effects on NOy/NoO Yields
Yield NOy/Ny0b

% CgHg? ER Stirred (775 C) Plug (800 C)
0 0.25 0.7/29 0.2/30
0.12 0.38 0.5/39 --
0.25 0.52 0.4/40 0.2/28
0.5 0.79 0.5/34 12/14
0.75 1.05 1.1/23 26/2
1.00 1.32 2.5/1.2 24/--
(a) Reactants are 1HCN/702 plus benzene in mole % - ER as in
Table 1, footnote (a)
) Both stirred and plug flow reactors were used with one second contact

time for all experiments
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TABLE 5

Comparison of Plug and Stirred-Flow Data:
NO/N20 Yields in % Reacted Nitrogen

1HCN/ . 25CgHg/ 7052

Time(sec) 800 C 900 C 950 C
Plug Stirred Plug Stirred Plug Stirred
0.25 40/13 -- 39/22 -- 39/10 10/--
0.5 16/25 n/45 16/22 5/41 29/13 15/--
1.0 n/30 n/40 3/45 6/39 10/15 46/--
2.0 n/34 n/43 n/8 5/33 7/n 28/--
4.0 n/28 n/40 n/8 3/31 n/s 11/--
.5C5HN/702
725 C 800 C 900 C 950 C
Plug Plug Stirred Plug Stirred Plug Stirred
0.25 .- 56/6 -- -- -- 56/6 --
0.5 n/n 34/18 n/-- 42/12 13/28 40/8 24/--
1.0 4/3 9/33 -- 18/24 13/30 19/13 32/--
2.0 3/32 n/37 - 4/26 9/30 5/10 44/--
4.0 5/43 n/40 -- -- 12/26 1/5 24/--
1HCN/4C0/60,0
700 C 750 C 800 C
Plug Stirred Plug Stirred Plug Stirred
0.25 40/5 -- - -- 35/1 --
0.5 17/11 n/-- 21/7 1/37 32/3 9/13
1.0 3/26 n/28 21/ 2/31 16/22 33/18
2.0 n/32 n/27 n/14 1740 n/36 23/22
4.0 n/22 n/25 n/-- -- n/23 2/22
(a) Compositions in mole %, n is for negligible amounts

For CO added fuels below 700 C the HCN consumption dropped drastically
and was time dependent, whereas, above 700 C the HCN was more than 90%

consumed at all

flow rates
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TABLE 6 Low Temperature - Pyridine Oxidation (Plug Flow Reactor)
% Yields of HCN/N20
.5C5HsN/70,8
Time(sec) 750 C 725 C
0.25 68/n -- -~
0.5 11/48 30/n --
1.0 2/55 58/3 47/n
2.0 -- 16/32 9/50
4.0 -- 2/43 7/48
800 C

NOy high at .25 and .5 sec. HCN negligible at all flows

(a) Concentrations in mole %

TABLE 7 No0 Oxidation Data
% N20 Reacted/NOy Yield (% of Reacted Ny0)2

2.2N20/70,b

2.2N50/8C0/70,

2.2N20/.5CgHg/702

Time(sec) 900 C

0.5 10/13
1.0 20/9
2.0 33/9
4.0 54/3

1000 ¢ 900 C
53/12 84/14
80/9 79/
91/7 76/9
92/5 83/5

1000 C 1000 C
94/18 --
91/14 91/9
98/8 -~
99/6 99/3

(a) Similar low yields of NOy were found at 800 and 750
(b) Concentrations in mole %

#N-Fuel Reacted

TABLE 8

Temperature (C)

Solids Formation

Principal Solid Product
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2HCN/8C0/70

650
650
650
675

2HCN/4H/70;

650

700

600
2C5HgN/707

750

NHgNCO
NHgNCO
NHgNCO
NHgNCO

Urea
Urea
NHgNCO

NHgNCO
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Kinetics of the Reaction of NCO with Ethene and Oxygen
Over the Temperature Range 295-662K

Robert A. Perry

Sandia National Laboratories
Combustion Research Facility
Livermore, California 94550

Introduction

The NCO radical is intimately connectedlvith nitric oxide formation
from fuel-bound nitrogen in combustion systems.’ In order to
model nitrogen chemistry in combustion systems, it is essential
to explore the possible chemical reactions that might enter into any
extensive model of nitrogen chemistry in these systems. While little
has been done toward understandiggsthe detailed chemistry of the NCO
radical with combustion species,” ~ certain reactions can be
anticipated to occur based upon analogous electrophilic radical/molecule
reactions. One of these reactions is the reaction of NCO with ethene.

NCO + CZHA + M 2 products 1)
Unsaturated hydrocarbons are found extensively in combustion, with
ethene being a major component after pyrolysis of larger fuels.
This reaction was chosen to facilitate predictions of NCO radical
reactions with unsaturated hydrocarbons and hence to understand more fully
nitrogen chemistry in rich combustion systems. To the extent that this
reaction occurs at combustion temperatures, it is a pathway to
recycle reactive nitrogen radicals back into fuel-bound nitrogen i.e.,
HCN.

Other possible important reactions, if they occurred, are the
exothermic reactions of NCO with oxygen.

NCO + O > NO + CO 2a)

NCO + 02 > NO2 + C% 2b)
Besides being of potential importance in combustion systems, these reactions
could be important in atmospheric oxidation of HCN. An upper limit
has been placed on the exothermic, although sterically restricted,
reactions betwveen NCO and oxygen.

In this paper current research that employs a laser
photolysis/laser-induced fluorescence technique to measure absolute rate
constants for the reaction of NCO radicals with ethene and oxygen over the
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temperature range 295-662K is discussed. In addition, the pressure dependence
of the reaction between NCO and ethene is explored at room temperature. The
implications for combustion modeling will be addressed.

EXPERIMENTAL

The technique is essentially identical to tha& vhich was
developed to study the products of the reaction of O0(°P) with HCN.~ NCO
radicals are produced from the excimer laser photolysis of HNCO that was
introduced along with the reactant of interest in a flowing gas mixture of
HNCO:Ar:reactant at total pressures (primarily argon) of 10-372 Torr. The NCO
radicals result gither directly from the photolysis of HNCO or, as suggested by
Drozdoski et al.’, from the rapid reaction of NH(!4) with HNCO.

(Recent experiments _at 157 nm and 193 nm suggest that the latter is the
dominant mechanism.”) Both 193 nm and 157 nm radiation are used to
photolyze HNCO in order to check for interference due to photolysis products.

An argon ion pumped ring dye laser, operating with stilbene-3 dye at
416.8 nm (100mV), is used to pump the A2£(1 0.0 X2 0,0,Q)
transition of NCO. The resulting fluorescehcé ls mon&tbrb% using an EMI 9789QA
photomultiplier tube fitted with an interference filter at 438.5nm
(FWHM=8.0nm) mounted at right angles to the crossed laser beams. The
intersection of the detection system aperture and the laser-induced
fluorescence radiation defined a fluorescence vieving zone at the center of the
reaction vessel vhose cross section wvas ~2cm in diameter. This region was
vell separated from the reaction vessel walls, minimizing wall losses of the
NCO radicals. The reactor consisted of a quartz reaction vessel enclosed in a
ceramic furnace that could be heated to temperatures as high as 1200K. The
temperature of the furnace was monitored by Chromel/Alumel thermocouples
mounted inside the reaction vessel, with the temperature of the vessel
maintained to 5K over the entire temperature range. 9

The HNCO was synthesized according to the procedure of Okabe.

Cyanuric acid was heated in an evacuable pyrex vessel to 400K. The HNCO
generated was passed through a P205 and Agzo trap to remove the

vater, and HCN and was then condensed in a liquid nitrogen trap. The liquid
vas vacuum distilled using a dry-ice/acetone trap until constant vapor
pressure (0.88 Torr) resulted. Argon was bubbled through the liquid and

the resulting Ar/HNCO mixture was flowed to the reaction vessel. The flow
rate vas monitored by use of a rotameter. All other flows were monitored
by the use of Tylan flow controllers that were calibrated prior to use.

The excimer laser intensity was varied by a factor of 2 using a purge
tube situated between the excimer laser and the reaction vessel. Mixtures of
nitrogen and oxygen vere used to attenuate the 157 nm radiation, while nitrous
oxide and air vere used to attenuate radiation at 193 nm. All
experiments vere performed at a repetition rate of 0.3Hz. Signals vere
obtained by photon counting in conjunction with multichannel scaling.

Decay curves of NCO radicals were accumulated from 25-500 pulses
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depending on the signal strengths. NCO half-lives ranged from 2.43-200
msec, and the NCO radical concentrations were followed for at least
three half-lives.

Al11 experiments were carried out under slow-flow conditions so that
the premixed reactant gas mixture could be replenished between laser pulses,
thereby avoiding the accumulation of photolysis or reaction products. The
partial pressure of HNCO was approximately 1.8-19 mTorr. The gases used had the
following purity levels according to the manufacturer: Ar 299.995%; C2H4299.OZ;
o, 299.9995%.

RESULTS AND DISCUSSION

Over the entire temperature range 295-652K, and in the presence
of excess reactant gas, pseudo-first order kinetics is observed, and
the bimolecular rate constant is obtained using the expression:

In [NCO]O/ [NCO]t = 1n SO/St = (ko + ki [Reactant])((—to)

Here [NCO] and [NCO), are the concentrations of NCO radicals at times

t and t, respectively, S and S_ are the corresponding fluores-

cence intensities, k_ is the first order rate coefficient for removal of
the NCO in the absence of added reactant, and k, is the rate constant for
reaction with the added reactant, i.e., ethene or oxygen.

The decay was analyzed following a ~1 ms delay after the excimer laser
pulse to minimize interference from laser-induced emission from the silica
vessel and to ensure that secondary reactions of other radical species formed
during the photolysis event, such as NH(!A) would not
interfere with the reaction of interest.’ In all experiments exponential decays
vere observed after the first millisecond supporting the contention that
secondary reactions were not important. Also, at low pulse energies
(£.1n3/pulse) no effect, within experimental uncertainty, due to laser
intensity was observed with a factor of two change. (Without attenuating
the excimer laser radiation the apparent rate was measured to be faster and
decays were nonexponential.)

The data were analyzed by numerical least squares fitting of the
decays. The measured decay rates were found to depend linearly on the
concentration of added reactant for fixed total pressure and temperature. The
absolute rate constants vere determined by plotting the measured decay rate
against reactant concentration and performing a least squares fit to obtain the
slope, k..

ate constants, k,, for the reaction of NCO with ethene were
determined over the temperature range of 295-652K with the total pressure
being varied from 10-372 Torr at 295K. Figures 1 and 2 show the plots of the
data at 295K and higher temperatures, respectively, while Figure 3 shows a plot
of the pressure dependence. Table I gives the rate constants determined for
this reaction by least squares analysis over the entire temperature range.
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Figure 4 shows an Arrhenius plot of the rate constants k1 vith the region
from 295-447K being described by the following Arrhenius expression:

—12e(2301300)/RT 3 -1 -1

k1 = 3.0 x 10 cm” molecule “s 7,

vhere the error limit in the activation energy is the estimated overall
error limit,

The pressure dependence observed at 295K (figure 3) is best explained
by a Lindemann mechanism.

NCO + C2H4 - complex* (a,-a)
«

complex* + M - complex + M (b)

vhere complex* is the complex formed by the terminal addition
of NCO to ethene. The pressure dependent rate is given by the expression:

kpy= kg ky[H] /7Ck_, + ky[H])

In the high pressure region vhere k, [M] is much greater

than k__, k. ,= k_, vhile in the lov pressure region
ke =k R, (M3
Rt temperatures greater than 447K a dramatic reduction

in the bimolecular rate constant was observed. As seen in Figure 4
the reaction rate drops by greater than two orders of magnitude
from 447K to 652K. This reduction in bimolecular rate constant
apparently occurs due to the very rapid decomposition of the complex
formed between NCO and ethene. Although such a dramatic
reduction in reacti821£atg has been observed in the past for OH
radical reactions, nonexponential decays (after lms) were not apparent
in these experiments. The absence of nonexponential decays suggest that
the life time of the complex formed must be short in comparison to the
experimental observation time. A proposed reaction mechanism whereby the
thermalized adduct, [complex], begins to dissociate on a time scale that is
comparable to the time frame of the experiments, analogous to the explaination
of the effect189§2rved for OH radical reaction with unsaturated
hydrocarbons, could explain the sharp drop in rate with increasing
temperatures (2 447K), but in order to explain fully the essentially
exponential decays observed in all of the experiments, competitive reactions
that turn off at higher temperatures (or a different reaction mechanism that
regenerates NCO radicals at higher temperatures) is required. Calculations are
presently under vay to address the possible alternate channels, such as ring
closure to form the ethylene imine analog.

Using 193nm photolysis of HNCO, with a mixture of nitrous oxide
and oxygen as a UV attenuator/filter, the reaction of NCO vith oxygen was not
observed to occur at room temperature and 372 Torr argon with
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2.27 x 1016 molecule/cm3 of oxygen added. In aTgition no reagtion

was observed at 662K and 389 Torr when 2.4 x 107" molecule/cm™ of

oxygen was added. From these daETGtheSrate of Efacfion vith oxygen was
estimated to be less_{yan x 10 _im Tglecule s ~ at 295

and less than 5 x 10 cm molecule © s © at 662K. These data

suggest that under the conditions that exist in combustion environments or in
the stratosphere, it is unlikely that the reacti?g of NCO with oxygen will be
important. As suggested by Cicerone and Zellner™~, the primary fate of NCO
in the atmosphere is most likely photolysis at wavelengths less than 300 nm.

CONCLUSIONS

At lov temperatures the NCO radical will react with ethene to form a
complex. At temperatures greater than 450K a marked decrease in the rate of
reaction occurs until finally at 650K the reaction has decreased by two orders
of magnitude. This effect suggests that the reaction with ethene, or, by
inference, other unsaturated hydrocarbons, will not serve to recycle the NCO
radical in combustion environments.

At the temperatures of this study NCO radicals do not react with
molecular oxygen. The reaction of NCO with oxygen should be unimportant in
combustion or atmospheric systenms.
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Table I. Rate constants, kl for the reaction of NCO radicals with ethene.
The indicated error limits are the estimated overall error limits; they
include the least squares standard deviations (2.0-152), as well as the
estimated accuracy limits of other parameters such as pressure and reactant

concentrations.
Temperature (K) Total Pressure kl 1012
(Torr) (cm molecule™) s_l)
295 10.5 3.37 + 0.57
295 25.0 3.78 3+ 0.38
295 53.3 4.37 4 0.44 ;
296 102.0 4.39 4 0.44
296 204.0 4.58 1 0.46 !
295 372.0 4.69 3 0.47
330 198.0 4.00 : 0.40
381 203.0 3.99 :+ 0.40
447 200.0 3.88 3 0.39
487 202.0 2.56 3 0.64
535 201.0 1.30 + 0.26
585 372.0 0.112 4+ 0.02
652 372.0 0.027 s+ 0.005
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Figure 1. Plots of the decay rate against ethene concentration for the
reaction on NCO vith ethene at 295K. The solid lines represent
best fit to data at 25 Torr, 53 Torr and 372 Torr.
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Figure 2. Plots of the decay rate against ethene concentration.
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Figure 3. Plot of the rate constant versus pressure at room temperature.
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Pyrolysis of CGHG

by
M. B. Culket, III

United Technologies Research Center
Silver Lane, East Hartford, CT 06108

Introduction

Several mechanisms for the pyrolysis of benzene at elevated temperatures
have been previously proposed. Unfortunately, none of these mechanisms is
entirely satisfactory when both experiments and thermodynamics are considered.
Yet, knowledge of benzene decomposition will increase the understanding of the
breakup and formation of other aromatic compounds. Consequently, a
single-pulse shock tube (SPST) investigation of the pyrolysis of benzene has
been performed over the temperature range of 1200 to 2400K. 1In addition,
thermochemical estimates and detailed chemical kinetic modeling have been
performed to evaluate the previously proposed mechanisms for benzene
pyrolysis.

Description of Facilities
and Model

The 3.8 cm (i.d.) single-pulse shock tube (SPST) used in this experiment
utilizessthe "magic hole” technique for quenching pyrolyzed samples at rates
above 107K/sec. SPSTs were developed by Glick, Squire, and Hertzberg (1)
and the UTRC facility has been described by Colket (2). Gas samples, after
dwell times of approximately 700 microseconds, were automatically collected
and analyzed for reactant and products using heated gas sampling valves and a
Hewlett Packard 5880A gas chromatograph. With a CP Sil 5 CB (from Chrompack,
Inc.) capillary column and a silica gel packed column, H2 and hydrocarbons
up to C10 were identified and quantitatively analyzed.

Argon (99.999% pure) was obtained from Matheson and LC-grade benzene was
obtained from the Burdick and Jackson Laboratory. The initial mixture
concentration was 130 ppm benzene in argon and was prepared gravimetrically.
Gas chromatographic analysis indicated that Impurities included unidentified
C., C, and C, hydrocarbons as well as toluene, although the total
concentration of impurity was less than 0.2% of the initial benzene.

Detailed chemical kinetics calculations are performed using CHEMKIN(3),
LSODE (4), and a version of a shock tube code (5) which has been modified to
include the quenching effects in a SPST. Quenching rates varied with shock
strength and were calculated using measured pressure traces and assuming
isentropic expansion. The modified code also allows monitoring of
time-dependent contributions from each reaction to the formation and/or
destruction of each species.
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Proposed Mechanisms

Mechanisms for the decomposition of benzene are listed in Table 1. It is
important to note that most are not single-step mechanisms. Radical
intermediates equilibrate rapidly and their concentrations are sufficiently
lov to render them (nearly) undetectable in many systems. Experimental
results from the present and previous high temperature works (6,7) suggest
that primary stable products are acetylene, diacetylene, and hydrogen and the
initial production rate of acetylene is two to three times higher than that of
diacetylene. Unfortunately, this information is of minimal use in sorting out
the mechanisms since benzene pyrolyzes at high temperatures (relative to
pyrolysis temperatures of other hydrocarbons) and all intermediates shown in
Table II rapidly pyrolyze to the approximate mixture of acetylene and
dlacetylene that has been observed.

Mechanism A is the generally accepted reaction sequence; however, only
Reaction 1 is understood. The breaking of the C-H bond is believed to be the
initiation step in both pyrolytic and some oxidation studies. Its rate has
been determined from D-atom production (in pyrolysis of C D6) (8) and from
detailed modeling studies of both pyrolysis (9) and oxidagion (10). An RRKM
fit has been performed by Kiefer, et al (9) using available expei§m§ntal data
and is consistent witblthermodynamics. Their kP, is given by 10°°"
exp(-118 kcal/RT) sec ~. Knowledge of the mechanism for phenyl
decomposition is substantially less than that for Reaction 1. Some
information is available on the overall rate, k,; yet the details of the
ring fracturing process have not been defined. “The thermochemical estimate by
Fujii and Asaba (11) has been until recently the most often quoted rate for
this process. More recent modeling (8,9) of benzene pyrolysis has produced
similar rates as Ref.ll; however, since Reaction 1 is rate limiting over most
of the temperatures regimes examined, the modeling results for k, are
expected to be lower limit estimates with large uncertainties in”the
teTEetature dependence. The Fujii and Asaba (11) estimate, k, = 3.16 x
10" exp (-86 kcal/RT) sec ~, was based on an "old" value for the heat of
formation for 1-C H3 of 102 kcal/mole (12); however, more recent estimates
using group add1t2v1ty (13) and BAC-MP4 (14) techniques fix this value closer
to 115 kcal/mole. In addition, n-CAH , which has a AH_ of 126 kcal/mole,
is the preferred isomer for phenyl décomposition. Comnsequently, Reaction 3 is
over 100 kcal/mole endothermic. If this process involves direct C2H
elimination, then the previous modeling efforts that produced lower %i?ig
rates strongly suggest that the high pressure A-factor is at least 107 ",
This value is orders of magnitude higher than what would be expected for this
multibond process. Consequently, it must be assumed that Reaction 3
represents an overall process or that processes involving radicals other than,
or in addition to, phenyl are important to benzene decomposition.

One alternative route for benzene decomposition is direct CH
elimination (Mechanism B) and has received recent support (6,8); fowever,
Kiefer, et al (9) have shown it is not necessary to invoke this step to
describe experimental profiles. In addition, it should be noted that the
direct elimination is a multibond process which should be unlikely, and
presumably involves the intermediate formation of the C H, diradical. For
this intermediate, the effective activation barrier to ﬁeaction 4 may be as

high as 180 kcal/mole.
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Another possible pyrolysis route involves the production of benzyne, which
subsequently decomposes. Unimolecular decomposition of phenyl (Reaction 5) to
benzyne is endothermic by 93 kcal/mole, which is nearly as much as Reaction 3.
Similar thermochemical arguments can eliminate this decomposition route. The
other route, Reaction 6, is a radical termination step and would produce an
overall slowing of benzene pyrolysis. Knudsen cell pyrolysis experiments (7)
have shown the formation of a C H, compound. Assuming this compound is
benzyne or another product of pgenyl decomposition, Smith and Johnson (7)
argued that C H, is an important intermediate during benzene
decomposition, especially at elevated temperatures. At least some of the
product, however, may be composed of the chained isomers of C_H, . These
isomers may be produced via hydrogenation of triacetylene, whgcg was also
observed in significant concentrations. Consequently, no clear evidence of
the importance of Mechanism C is apparent.

Mechanism D appears to be very attractive, since an extrapolation of the
rate coefficient (15) for H-atom addition to benzene (Reaction 8) is
approximately an order of magnitude higher (Ref. 9) than H-atom abstraction
(Reaction 2) at 1600 K. The addition reaction, however, competes with its
reverse reaction. Using thermodynamics for ¢-C_H, derived from
measurement of the forward and reverse rates of Reaction 8 (15), Mechanism D
can be shown to have a negligible impact on benzene pyrolysis. However, a
different set of thermodynamics for c-C6H reported in Ref. 15 suggests
that Mechanism D may play an important roze at low temperatures. Detailed
modeling calculations using Mechanism D were limited, due to what appears to
be rather large uncertainties in both the heat of formation and entropy.
Nevertheless, there are attractive features of this decomposition mechanism,
especially at low temperatures, and it should be explored further. It is
worth noting that Reaction 8 is not sufficiently energetic (only 16 to 26
kcal), that it can be followed immediately by Reaction 9 (71-81 kcal
required). Instead, c¢-C_H, will collisionally thermalize prior to its
decomposition to products.’ Only a minimal acceleration in rate due to the
formation of an excited complex can be expected. Further exploration of this
route (Mechanism C) should be performed.

With no fully satisfactory alternatives, and the expectation that phenyl
must decompose to aliphatics at sufficiently elevated temperatures (when
production of phenyl via Reaction 1 is fast), it is prudent to re-examine
Mechanism A. One can separate Reaction 3 into the following sequence:

6“5 < 1-C HS 3a
-CSHS - n-CAH3+C2H2 3b

This sequence is the reverse of the processes suggested for the formation
of phenyl during acetylene pyrolysis (17) and has been shown to compare
favorably with recent experimental data (2). If one assumes that the ring
breaks at the single bond as shown

[+
1

. H
Cq %’
P N /
B oM He
" fer T4
HC cH c c
H H
AN V. \N 2
c? c?
H H
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then this is a relatively straightforward process analogous to the
decomposition of nC Hs; i.e. CH:CH.CH:CH, + C2H2+C H3. Breakage

of either of the otﬁer two single-bonds would requgre a more complex process
involving H-atom shifting or the formation of energetic intermediates. The
resultant linear compound would be expected to decompose to acetylene and
n-C,H, or re-cyclize to phenyl. Detailed chemical modeling was perfo.med
using the reaction sequence in Table II coupled with an acetylenic mechanism
similar to that reported (17, 18). A comparison of the model and single-pulse
shock tube data is presented in Figure 1 for a series of shocks at an initial
concentration of 130 ppm benzene in argon. In this figure, final
concentrations produced after a dwell time of 700 microseconds followed by
quenching are plotted as a function of initial post-shock temperature. Total
pressure for these experiments is approximately seven atmospheres.

The comparison is quite reasonable. The higher fractional decomposition
at low temperatures observed in the experiment may be due to impurities from
the wall initiating the reaction at low temperature. The residual benzene
observed experimentally at elevated temperatures may be caused by sampling a
portion of the boundary-layer near the walls of the shock tube. The mechanism
proposed in Table II is essentially consistent with Kiefer et al's except that
Reaction 3 has been separated to 3a and b. An effective rate constant for
Reaction 3 can be estimated by assuming & steady-state concentration for

1-C H_, i.e.
675 k3 [CGHSJ
[1- c6“5]5.5. = _3
(k_3a+k3p)
effective .
therefore k3 - k3 kap
k-3a+k3p

This curved evalution is depicted as a solid line in Fig. 2 over the
temperature regime where sensitivity to this rate was observed. The curve is
extrapolated to both low and high temperatures to facilitate comparisons teo
otg%feggi%gations. The relatively high values obtained in this work for kjand
k3 are not surprising since the rate constant determined in these
eXperiments are expected to be close to the high pressure limiting value.

Conclusions

Previously proposed mechanisms for the pyrolysis of benzene at high
temperatures have been reviewed using detailed chemical modeling and a brief
thermochemical examination. The most widely accepted sequence,

Cellg = CGH5(+H) —-ChH3+C2H2, is slightly modified to

C_H, - C_H.(+H) =~ 1-C H5-¢ n-ChH +02H2 and the structure

og ghe léngar CH ingermediate 25 proposed. Forward and reverse rates
are consistent gigh thermochemistry and experimental data. A benzene
decomposition route involving c-C6H7 and 1-C H7 was examined, yet
sufficiently accurate thermochemistry was not available to reach final
conclusions.
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3a.
3b.
11.
12.

13.

CeH # CH+ H
H+CgHg % CgHs+ Hy
CeHg 24-CgHs
£-CgRs % n-CyH3+CoH,
n-C,Hy THHC H,
n-C,Hj ~ C,H+C,H,

CoH+CgHg + CoH+CeH 5

H+

H+

H+

TABLE I
Previous Mechanisms for
Benzene Pyrolysis

c6H6 —- C6H5+H

c6H6 - C6H5+H2

C6H5 - C‘.H3+C2H2

C6H6 - C‘.H‘.+C2H2

CGHS - CGHA+H

C6H5 - CGHA+H2

CGHb - ch2+c2H2
CGHG-» c-C6H7

c-CGH7 - 1-66H

1~CGH

7

7~ -G Hg+CH,)

TABLE 11

Proposed Reaction Sequence

for Benzene Pyrolysis

Forward rate

1)
)
3)

)

(3)
(6)
)

(8)
(¢))
(10)

Reverse Rate

108101\ cal?mole IOSIOA i calimole
16.18 107,900. 10.05 0.98 -5690.
14.40 16,000. 8.35 1.12  6420.
14.00 65,000. 13.11 -0.68 3300.
15.34 38,000. 5.97 1.97 -3610.
12.43 37,000. 11.29 0.44 -2790.
14.60 54,000, 7.89 1.66 -3120.
13.30 0 12.00 0 12520,
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The Chemical Structure of Methane/Air Diffusion Flames:
Concentrations and Production Rates of Intermediate Hydrocarbons.

J. Houston Miller

" Department of Chemistry
George Washington University
Washington, DC 20052

and Kermit C. Smyth

Center for Fire Research
National Bureau of Standards
Gaithersburg, MD 20899

INTRODUCTION:

The production of intermediate and large hydrocarbon species
is common to most combustion systems. These products range in size
from acetylene, benzene and polynuclear aromatic hydrocarbons (PAH)
to very large soot particles. Radiation from particles is the
dominant mode of heat transfer in large fires. In addition, sampled
particles often have PAH adsorbed onto them. Many of these molecules
are known carcinogens and their presence on inhalable soot particles
poses an obvious long-term health hazard. Despite the important role
that such species play in flames and the danger they present as
combustion byproducts, the mechanism for their formation is as yet
unknown.

Extensive profile studies have led to a detailed
understanding of the chemical structure of premixed flames [1l].
This information has been combined with the time-temperature
history in these one-dimensional systems to produce simple models
for the condensation chemistry of premixed flames. Modelling
efforts have also been undertaken in shock tubes, although the
data set available as input has generally been less extensive
[2,3]. Despite the significant progress towards an understanding
of soot formation which has resulted from these studies, most
practical combustion devices are diffusion flames, and chemical
stucture data for these environments has only recently been
available. Workers in this [4] and other [5] laboratories have
recently reported concentration measurements for molecular
species, including intermediate hydrocarbons, in laminar
diffusion flames. Our work has shown that a knowledge of the
local chemical composition alone is not sufficient to predict the
concentrations of PAH and soot. We have therefore also collected
profile data for temperature and convective velocity in our flame
system., In this paper, results for the chemical structure of a
methane/air diffusion flame are reviewed. Species concentrations
are combined with profiles of velocity and temperature to
calculate production rates for intermediate hydrocarbons. The
relevance of these calculations to an understanding of soot
formation chemistry is discussed.
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EXPERIMENTAL APPROACH:

The experimental system has been described in detail elsewhere
[4], and will be discussed only briefly below. Laminar methane/air
diffusion flames were burned at atmospheric pressure on a Wolfhard-
Parker slot burner. Fuel exits a central 8mm wide slot and air flows
through two 1l6mm wide adjacent slots. Thus, two flame sheets are
formed near the fuel/air interfaces, which are symmetric about the
burner centerline. The flame is stabilized by wire screen "gulls"
located 45mm above the burner surface. Concentration profiles of
numerous stable flame species were collected via a direct-sampling
mass spectrometer equipped with a quartz microprobe [6].
Calibrations were perfomed by measuring the signal for a particular
molecule sampled from a mixture of known composition of the species
with argon at room temperature. Calibration factors were then
corrected for the variation of the mass flow through the sampling
orifice as a function of temperature. For species which could not be
calibrated directly, factors for similar species were adjusted by
multiplying by the ratio of their respective ionization cross-
sections.

Temperature profiles were measured with an uncoated fine
wire Pt/Pt-10%Rh thermocouple. Corrections due to radiation
effects are less than 7% at the highest temperatures in this
flame [4], while catalytic effects are expected to be small [7]
and in the opposite direction, Horizontal and vertical components
of the convective velocity were determined using laser Doppler
velocimetry. These measurements were made by seeding the flow
with nominal 1 um diameter aluminum oxide particles. The
temperature and velocity profiles were obtained at heights
ranging from near the burner surface to 20 mm above the burner.
Mass spectrometric measurements were limited to a minimum height
of 3 mm above the burner (due to the 6émm diameter of the
microprobe) and a maximum height of 15 mm above the burner. Above
15 mm, clogging of the probe orifice by soot particles was
observed and quantitative sampling was no longer possible. The
gradients in concentration and temperature in this flame are
steepest in the horizontal direction. Therefore, profile data
points were collected every 0.2 mm in the lateral direction and
every 2 mm in the vertical direction.

RESULTS:

Figure 1 illustrates the temperature and velocity fields for
this flame. Shown in solid lines are isothermal contours
determined from the thermocouple profles. Note the bowing out of
the flame along the 1900 K contour away from the slot separators
located at #4 mm with respect to the burner centerline. Also
shown are streamlines of convective velocity calculated from the
two measured velocity components. The streamlines exhibit
trajectories which begin in the lean region of the flame, cross
the high temperature reaction zones, and continue into the fuel-
rich regions.

Figure 2 shows mass—spectrometric profiles of the

concentrations of a variety of stable flame species at a height of 9
mm above the burner. A number of points are noteworthy in comparing
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Figures 1 and 2. First, the concentrations of oxygen and methane
disappear near the high temperature reaction zone at *6 mm from the
burner centerline, where the concentration of water is at a maximum,
Second, the high concentration of nitrogen near the burner
centerline reveals that significant entrainment of air (as shown by
the velocity measurements in Fig. 1) and diffusion of nitrogen
toward the burner centerline occur. Also shown in Fig. 2 is a
summation of mole fractions for all species present in the flame at
a concentration of 1% or greater. The close agreement to an ideal
mass balance of 1 throughout the flame is a measure of the success
of our calibration scheme.

Figure 3 illustrates profiles collected at 9mm above the burner
surface for a variety of intermediate hydrocarbons: acetylene,
benzene, diacetylene, and butadiene. Peak concentrations at this
height for these species are 6200, 800, 570, and 110 parts per
million, respectively. Profiles for a large number of additional
intermediate hydrocarbons were obtained, and all have concentration
maxima in the same region of the flame.

DATA ANALYSIS

One of the primary goals of our work is the application of
kinetic modelling to a methane/ air diffusion flame. The approach we
have adopted is to compare the predictions of models which have been
used successfully in premixed flames and shock tubes with our
experimental results. A successful model must not only account for
the steady state concentrations of species involved in the soot
formation process, but also for the net rate of reactions for these
species in the flame. Therefore, as a first step in the application
of detailed kinetic modelling to our flame we have sought to derive
the net chemical flux for profiled species from our concentration,
temperature and velocity measurements. The procedure for this
calculation is described below.

A laminar flame is a steady-state system: the value of any
macroscopic variable (such as a species concentration) does not
change with time at a particular spatial location [6]. Because there
is a flux into and out of a given volume element due to mass
transport, there must be a corresponding change in the species
concentration due to chemical reactions:

Ry = VINg (v + V)] 1)

Here, Ry is the net chemical rate, N; is the species concentration,
v is the mass average (convective) velocity, and V; is the
diffusion velocity of the species into the local mixture. This
diffusion velocity can be calculated by first computing the
effective diffusion coefficient, D{,mx , where contributions from
all species present in the flame with a concentration greater

than 1 % are included:

V. == Dimx , Vx{ . 2)
Xt
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Figure 4 illustrates this calculation for acetylene production
rates at a height of 9mm above the burner. Contributions from the
convective and diffusive velocities to the net chemical rates are
shown. Note the strong diffusive velocity away from the burner
centerline into the high temperature reaction zone, where acetylene
is oxidized. Figure 5 indicates that the chemical role of acetylene
changes with height above the burner. Low in the flame the
destruction rate exhibits a maximum value (R; =-1.0x10"?
molecules/(ccrsec)) near the high temperature, primary reaction
zone, and the production rate feature (R{ = 1.5x 10’7 molecules/(cc-
sec)) occurs slightly toward the fuel side. This peak in the
production rate is located on the high temperature side of the
observed maximum in the concentration profile (see Fig. 3). Higher
in this flame it appears that the production rate peak is diminished
by a new destruction feature (see arrow in Figure 5). An additional
loss mechanism for acetylene higher in the flame is consistent with
the proposed importance of this intermediate hydrocarbon in particle
growth chemistry. The location of this new feature coincides with
the peak concentrations of very small soot particles detected in our
earlier work {4].

CONCLUSIONS AND FUTURE DIRECTIONS:

We have made quantitative species concentration measurements
and analyzed these profile data to obtain chemical rates for
production and destruction of intermediate hydrocarbons in a
methane/air flame. In the near future detailed kinetic models will
be evaluated at specific flame locations in an attempt to verify
their application to diffusion flame systems. Specifically, can the
models {(given as inputs measured concentrations, temperature, and
mass transport) predict net chemical fluxes which agree with our
measured production rates? An analysis such as this will indicate
possible shortcomings in both our knowledge of the chemical
structure of these systems (i.e., radical concentrations are not
well ;nown) as well as deficiencies in proposed models for chemical
growth,
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SULFUR TRIOXIDE FORMATION IN HIGH SULFUR RESIOUAL OIL FLAMES
Peter M. Walsh, Walter F. Farmayan,* Thomas Kolb,+ Jinos M. Beér

Energy Laboratory and Oepartment of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

INTRODUCTION

Heavy residual fuel oils usually contain between 1 and 4 wt% sulfur. Although
S0, is the principal product of fuel sulfur oxidation, as much as 8 to 10 mol% of
thg sulfur oxides are present as SO, in the flue gas arriving at the cold end of the
convective section in an electric uEility boiler. Sulfur trioxide is quantitatively
converted to sulfuric acid vapor in the presence of typical flue gas water vapor
concentrations at temperatures below about 500 K (Halstead and Talbot, 1980).
Condensation of sulfuric acid on surfaces at temperatures below the acid dewpoint is
responsible for corrosion of cold end components, especially the air preheater. The
accumulation of unburned carbon particles on the wet surfaces and reentrainment of
their agglomerates is the source of acid smuts (Blum, Lees and Rendle, 1959; Conolly
and Kelsell, 1982). The adsorption of sulfuric acid on ash and unburned carbon may
make a significant contribution to the mass of stack gas particulates.

The most severe acid deposition and sulfate emissions problems are associated
with catalytic oxidation of SO, to SO, over vanadium-containing deposits on tubes in
the convective section. Howevér, 1 t% 2 mol% of the sulfur oxides are thought to be
present as SO, in the furnace exit gas. Reidich and Reifenhduser (1980) reported 2
mol% of the siilfur oxides as S0. (25 mol ppm of total gas) at the furnace exit in a
300 MW, tangentially fired boilar operated at 0.6 mol% excess 0, with 2 wt% sulfur
fuel. This is an amount sufficient to cduse troublesome acid deéposition and make a
significant contribution to particulate loading, even in the absence of additional
S0, formation in the convective section. Experience has shown that SO, formation
call be controlled by reducing excess air, but this is accompanied by aR increase in
unburned carbon{coke cenospheres). Sulfur trioxide formation in the furnace is one
component of a set of coupled processes making contributions to acid deposition and
stack particulates (Cunningham and Jackson, 1978; Harada, Naito, Tsuchiya, and
Nakajima, 1981).

Substantial progress has recently-been made in the quantitative description of
sulfur chemistry in flames(Muller, Schofield, Steinberg, and Broida, 1979; Kramlich,
Malte, and Grosshandler, 1981; Smith, Wang, Tseregounis, and Westbrook, 1983; Wendt,
Wootan, and Corley, 1983). Squires (1982) combined a detailed chemical kinetic
description of reactions in the furnace with a global model for heterogeneous oxida-
tion of SO2 over tube deposits in the convective section. The predictions of this
mode) were in good agreement with observed levels of SO, in the flue gases of 500 MW
and 60 MW boilers. The present paper describes the 1n1§1al steps of an investiga-
tion in which the results of fundamental kinetic studies are applied to the inter-
pretation of direct measurements of SO3 in boiler-type turbulent diffusion flames.

*Present address: Chemical Engineering Department, Shell Development Co.,
Westhollow Research Center, Houston, TX 77001

tPresent address: Engler-Bunte-Institut, University of Karlsruhe, West Germany
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EXPERIMENTAL

The measurements were made in the 1.2 x 1.2 m combustion tunnel in the MIT
Combustion Research Facility (Beér, Jacques, Farmayan, and Taylor, 1981). The fuel
was a mixture of residual oils produced by the Exxon refinery at Aruba. Its
analysis was (wt%): carbon 85.80, hydrogen 10.86, nitrogen 0.47, sulfur 2.15, oxygen
0.57, and ash 0.10. Asphaltenes (IP 143/57) were 10.5 wt%, and the metal contents
(wt ppm) were: vanadium 421, nickel 51, iron 15, sodium 9.8, calcium 20, and magne-
sium 4.8, Ths heating value was 42.5 MJ/kg and viscosity was 213 Saybolt Furol
seconds at 50°C. The fuel was heated to 389 K, fired at 0.05 kg/s (2 MW thermal),
and atomized by a 70 (full angle) six-hole "Y" jet nozzle with air as the atomizing
medium, Combustioa air was preheated to 560 K and supplied through a 0.176 m dia-
meter duct to a 50 (full angle) divergent quarl mounted flush with one end wall of
the combustion chamber. Several parameters were varied in order to examine their
effects on carbon burnout and So3 formation: atomizer position, atomizing air/fuel
ratio, combustion air swirl, andexcess air. Five different commercial preparations
designed to promote carbon burnout were added to the fuel; these contained compounds
of the metals iron, zirconium, and cerium. One run was made with fuel emulsified
with 7 wt% water. The experimental conditions are given in Table 1.

Gas temperature and composition {0,, COZ' €0, S0,, NO) were determined using
standard techniques. The axial componeﬁt of “the gas eelocity was measured using a
two-hole impact probe. A representative set of gas temperature, velocity, and
composition profiles is shown in Fig. 1. Axial positions are measured from the exit
of the 0.176 m diameter combustion air nozzle. For calculation purposes, the tem-
perature, velocity, and carbon monoxide profiles in the region following the peak
flame temperature at z = z_ = 0.95 m were fit by the following relations, shown as
solid lines in Fig. 1:

T= To - a(z-zo) 1)
u=g/z 2)
Xeo = Xco,0 exPl-v(z-2,)] 3)

Table 2. Data used in the calculations. The mole fractions of CO,, 0,,
and SO, are calculated flue gas values {wet) based on thg fu§1
analysgs and air/fuel ratio.

Run To a 8 xCO,o ¥ Xco2 X X

)
No. (K) (k/m) (m2/s) (m") 2

(ppm)

212 2005 175 16 .0133 1.517 .131 .0133 1220
213 2045 172 16 .0319 1.499 .131 .0133 1220
214 2000 138 15 .0435 1.992 .134 .00885 1250
215 2000 131 15 .0319 1.859 .134 .00885 1250
216 1975 130 15 .0291 1.829 .134 .00885 1250
217 1985 143 15 .0319 1.925 .133 .00878 1240
218 2005 133 15 .0368 1.906 .134 .00885 1250
219 2000 130 15 .0338 1.776 .134 .00885 1250
220 1990 133 15 .0338 1.776 .134 .00885 1250
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Values of the parameters are given in Table 2. A mean gas residence time of 1 s,

typical of a tightly designed oi1-fired utility boiler, is reached at a distance of
about 2.9 m from the combustion air nozzle.

S0, in the flame gases was determined using the Severn Science Ltd./Marchwood
Enginee%ing Laboratories(Central Electricity Generating Board, UK) continuously
recording S0,/H,S0O, monitor (Jackson, Hilton, and Buddery, 1981). This instrument
is intended 8r1%ar11y as a flue or stack gas monitor. The 2 m long heated sampling
probe supplied with the instrument was adapted for sampling in the flame by enclos-
ing it in a water-cooled sheath. The glass sampling tube was replaced with one made
g: qugrtz. The indicated mole fractions of SO3 along the flame axis are shown in

g. 2.

After making a measurement, brown, orange, black, and yellow deposits were
observed over 60 mm of the inside wall at the tip of the quartz sampling tube. Most
of the.deposit was soluble in 0.05 M H,S0,(aq). If this deposit contains vanadium
it may catalyze the oxidation of SO tg 56 . Even though the composition and
physical properties of the probe desosit have not been determined, the available
information can be used to place some approximate 1imits on the change in SO
content of the gas during sampling. Kinetic studies of related systems have been
reviewed by Urbanek and Trela (1980), although most of this work has been conducted
at relatively high S0, and 0 Eorder of 10 mol%) and in the temperature range (650
to 850 K) over which Eonvers?on of SO, to SO, is greatest in flow reactors. The
portion of the sampling tube coated w?th depgsit was treated as a one-dimensional
tubular reactor with catalytic wall. The wall temperature was assumed to decrease
linearly from a value equal to the gas temperature at the probe tip to the melting
point of V, 0. (943 K) at the end of the deposit. The sample enters the quartz tube
at high teapgrature and with SO, at greater than equilibrium concentration.
Conversion near the tube entranze was assumed to be controlled by boundary layer
diffusion of S0, to and from the deposit surface, where S0, is in equilibrium with
excess amounts gf S0, and 02. The composition of the bulk“gas then shifts until it
is equal to the equi?ibrium composition at the deposit. When the entering gas is at
1625 K and contains 10 mol ppm SO,, 1250 mol ppm. SO,, and 1 mol% 0,, this occurs at
a distance of 20 mm into the prob2, at which point Ehe mole fraction of SO, has
decreased to 7 mol ppm. Production of SO, from this point onward is assuméd to be
kinetically controlled, with a rate propo?tional to the deposit geometric surface
area. The mechanism of Mars and Maessen (1968) was used with activity per unit area
estimated from the total areas and effectiveness factors reported by Livbjerg and
Villadsen (1972). This calculation resulted in SO, equal to 27 mol ppm at a
distance of 60 mm from the tube entrance. Therefoire, in the event that the deposit
has an activity comparable with that of an industrial alkali-promoted vanadium
catalyst whose kinetic parameters are the same at 1400 K as at 800 K, SO, could be
altered by the sampling procedure. Inspection of the SO, profiles shows that
amounts of about 10 mol ppm were observed in 6 of the 9 guns under the conditions of
the above calculation (z = 3 to 4 m). This indicates that the greatest errors would
have occurred if SO, in the entering gas had actually been near equilibrium, with
most of the observea S0, produced in the probe. Based on these observations the
limits of error in the %easurements are tentatively estimated to be plus 100% and
minus 50% of the indicated values. Further study of this problem is warranted, not
only by its importance to the sampling technique, but because the situation is
analogous to that encountered in the convective section of a boiler, where vanadium
and alkali metal tube deposits catalyze the oxidation of 502 as the flue gas is
cooled.

CALCULATIONS
Notwithstanding the uncertainty in the accuracy of the 503 measurements, it is

worthwhile to compare the observations with calculations based”on a simple set of
assumptions. The objective is to determine if SO3 in the furnace exit gas of a
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utility boiler might be correlated with flame characteristics which are known or can

be estimated, such as fuel sulfur content, peak flame temperature, furnace exit gas
temperature, excess air, and carbon monoxide.

A set of reactions which might account for the behavior of SO3 in the present
system is (Kramlich, Malte, and Grosshandler, 1981):

k
°1
S0, + 0 +M i, S0y + M R1)
)
SO3 +0 = SO2 + 02 R2)
SO, +H = S0, + OH R3)

The rate coefficient for Reaction 1 is given by Troe (1978); that for Reaction 2 by
Smith, Wang, Tseregounis, and Westbrook (1982). The reverse of Reaction 2 has a
negligible rate under the conditions of interest here. Reaction 3 is neglected in
the present calculation, although Kramlich et al. provide evidence that it is impor-
tant in lean hydrocarbon combustion. The concentration of third bodies, M, is taken
equal to the total gas concentration, C (but see Kramlich et al., 1981). The net
rate of SO, production, apparently quite small over much of the region of the
measuremen%s, is then:

r Ky Cepn CaC = Kk 1Cen € = KoCen €o % 0 a)
50, 1650,%C = k.1Cs0,C - k2Cs0,0
Cso,  *so, K Gl

= 1 5)
csoz Xsoz LRI P

Under the above assumptions the ratio of SO3 to SO2 is limited to the range

3ca

1C,eq € T € ¥

c ’ 6)

as long as the system is not frozen. The total equilibrium mole fractions of SO,
shown as dashed lines in Fig. 2, are everywhere less than the measured values, which
are, in turn, much less than the right hand side of Equation 6, especially near the
furnace exit. In order to apply Equation 5 we require an estimate of the oxygen
atom concentration. In discussing this same problem Merryman and Levy (1979) sug-
gested that an estimate of the oxygen atom concentration might be obtained by assum-

ing equilibration of the principal reactions by which they are formed during CO
oxidation:

CO + OH = CO2 +H

H + 02 =0H + 0

o + 02 = CO2 +0 R4)
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The mole fractions of 0,, CO 27 and S0, were taken constant and equal to the outlet
values, given in Table E. Sulfur trngide mole fractions calculated using Equations
1, 3, 5, and 7 are shown as solid lines in Fig. 2.

The calculated profiles satisfactorily reproduce the magnitude of the SO
measurements near a mean residence time of 1 s (z = 2.9 m) in most of the 10wgr
excess 0, (1 mol%) cases. Large discrepancies are observed in two instances (Runs
212 and 513); these are distinguished by low temperature (212}, high levels of CO
(213), and high.excess 0, (both). The calculated values are especially sensitive to
temperature. Most impor@ant is the fact that the calculation predicts SO, increas-
ing with distance near the furnace outlet, while most of the measurements”show a
tendency of SO, to approach equilibrium. The assumption of equilibration of Reac-
tion 4 was not originally intended by Merryman and Levy (1979) to be applied at
points so far into the postflame region, but at shorter times. As the rate of CO
oxidation slows, due to CO consumption and decreasing temperature, Equation 7
becomes a progressively poorer approximation. The CO mole fractions at z = 3.1 m
are in the range 320 to 950 ppm, no longer sufficient to maintain significant super-
equilibrium concentration of oxygen atoms against competition with recombination,
for example, by Reactions 1 and 2 themselves. Because the calculation is least
reliable near the furnace exit, it would be unwise to use this approximation to
estimate SO, in furnace exit gas. The steady state approach (Equation 5) might
still be usgful however, if the decay of oxygen atoms at long times can be related
to CO and stable species concentrations.

SUMMARY

Mole fractions of sulfur trioxide were measured along the axis of a confined
turbulent diffusion flame, under conditions simulating those in electric utility
boilers. The fuel was a No. 6 residual oil containing 2.2 wt% sulfur, fired at the
rate of 0.05 kg/s or 2 M(thermal), - The sulfur trioxide mole fractions were in the
range from 3 to 25 mol ppm; representing 0.2 to 2% of the total sulfur. An estimate
was made of the contribution of catalytic SO, formation by ash constituents
deposited in the probe. The uncertainty 1nt;oduced from this source was estimated
to be plus 100% and minus 50% of the indicated value. The observed mole fractions
were approximately steady and everywhere greater than the local total equilibrium
values. Sulfur trioxide mole fractions were calculated by assuming that the steady
state is determined by atomic oxygen reactions,with atomic oxygen in partial
equilibrium with carbon monoxide, carbon dioxide, and molecular oxygen. The results
of this calculation approximately reproduced the experimental measurements under
most, but not all, sets of conditions investigated.Because of its sensitivity to
temperature, carbon monoxide, and oxygen this approximation is not recommended for
the estimation of SO3 in furnace exit gases.
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NOMENCLATURE

total gas concentration, kmol/m3

c

Ci concentration of gaseous species i, kmol/m3

kj rate coefficient of Reaction j in forward direction, various units
k_j rate coefficient of Reaction j in reverse direction, various units
Kj equilibrium constant for reaction j, = kj/k_j

net rate of production of species i by chemical reaction, kmol/m3s
Sw combustion air Swirl Number

T temperature, K

axial component of gas velocity, m/s

mole fraction of species i

-

axial distance from the combustion air nozzle, m

mean temperature gradient along the flame axis, Equation 1, K/m
gas velocity decay constant, Equation 2, mz/s

carbon monoxide decay constant, Equation 3, m'1

- ™ @ N X

Subscripts

3} evaluated at z = z, = 0.95 m from the combustion air nozzle

eq total equilibrium concentration
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Figure 1. Measurements of gas temperature, axial component of gas velocity, and
mole fractions (dry basis) of 0,, CO,, CO, SO,, and SO, along the axis of a 2 MW
residual ofl spray flame. Run ﬁo. 2%4, combuStion air Swirl No. = 0.5, The
location of the peak flame temperature, z_ = 0.95 m, is taken as the starting point
for calculations. Solid lines are fits of Equations 1, 2, and 3 to the data points.
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RAMAN STUDIES OF HALON FIRE RETARDANTS.

J. H. May, F. S. Allen, M. R. Ondrias, R. E. Tapscott,
H. D. Beeson, and D. M., Zallen.

Chemistry Department, and New Mexico Engineering Research Institute,
University of New Mexico, Albuquerque, New Mexico 87131.

Raman spectroscopy can be used as a passive probe for the study
of active systems. Various types of analytical determinations can be
made with-out perturbing the system under study. Of interest is the
elucidation of the extinction processes employed by Halon type extin-
guishing agents. Raman has in the past been used to study molecules
such as ip0, N2, and COp in flames (1). Halons and pyrolyzed pro-
ducts, having vibrations that are more polarization sensitive than the
above molecules, should then be readily analyzed in flames. As an
initial approach to this problem we are studying the pyrolysis of
Halon 2402 (1,2 dibromotetrafluoroethane). The pyrolysis products are
isolated using vacuum line techniques, and identified using GC/MS and
Raman. A library of the Raman spectra from each component is being
formed for subsequent use in flame analysis.

Experimentally, we use a tube furnace with a specially desig-
ned tube, having detachable nitrogen traps on each end, and also
capable of holding a vacuum. To simulate the combustion process,
Halon 2402 is frozen in one of the nitrogen traps, and the whole
system is brought to high vacuum. The Halon is then allowed to vacuum
transfer through the pyrolysis tube, which is at approximately 790°C,
to the other nitrogen trap. This process is repeated several times.
The products are then vacuum distilled, capturing fractions as they
come over, in different, sealable cuvettes. Presently all fractions
are studied in the gas phase at room temperature.

The Raman data are collected on an instument made up of:

1) An EGRG Princeton Applied Research model 1420 intensified
silicon photodiode array tube coupled with its model 1218 solid state
detector controller, and the model 1215 computer console.

2) A SPEX model 1877 triplemate monochromater.

3) A Coherent model CR-4 Argon ion laser, capable of
producing over 3 watts of continuous wave power at the 488.0 nm. line.

Spectra, in the range of 100 cm(-1) to 1000 cm(-1) can be obtained at
a single setting of the monochromater. Since Raman spectra of many of
the thermal degradation products are not available, we have used a
Finnigan, series 4900, GC/MS to identify the products that are obtain-
ed from the pyrolysis experiment. Raman spectra collected on these
components will subsequently form a spectral library of the pyrolysis
products.

Figures 1. and 2. are the Raman spectra of the first fraction
collected from the vacuum distillation process on the pyrolyzed 2402.
The complexity of the spectra suggests that more than one component is
present. The GC/MS revealed that the gas contained only tetrafluoroe-
thylene, and bromotrifluoromethane ( Halon 1301) in significant
concentrations. Figures 3. and 4. are the Raman spectra of pure 1301,
and it is evident that its spectral bands match many of the bands in
the distilled fraction.
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Pure tetrafluoroethylene will be examined to identify its spectral
contribution to pyrolysis products spectra. The vacuum distillation
was done at 500 millitorr, later distillations using higher pressures
should provide better separation of the fractions.

Each of these spectra took thirty minutes to collect, fifteen
minutes for the signal spectra, and another fifteen for the background
( Raman spectra normally require the subtraction of the background
spectra, taken with the exitation source off, from the signal spectra.
This is especially true for photodiode array detectors.). Accurate
spectra, to within 2 cm(-1), of all but the weaker bands can be taken
in a minute or less if desired ( This includes background spectra.).
Using pulsed, or higher intensity C.W. lasers, spectra could be taken
in less time with even better signal to noise ratios.

As a result of these preliminary studies, we will build a li-
brary of Raman spectra for the stable products produced by the
simulated combustion of the Halon 2402 in a vacuum, as well as in oxi-
dizing and reducing environments. This library will then be used in
subsequent studies to identify which of the products are present in
flames near extinction due to the presence of Halon 2402.
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SEPARATION AND ANALYSIS OF HYDROXYAROMATIC SPECIES IN LIQUID
FUELS II. COMPARISON OF ArOH IN SRC-II COAL LIQUID,
WILMINGTON, CA, PETROLEUM AND OSCR SHALE OIL

J. B. Green, C. A. Treese, S. K-T Yu, J. S. Thomson,
C. P. Renaudo, and B. K. Stierwalt

Department of Fuels Research
National Institute for Petroleum and Energy Research
Division of IIT Research Institute
P.0. Box 2128
Bartlesville, OK 74005

INTRODUCTION

Part I of this series, presented in the symposium, “New Applications of
Analytical Techniques to Fossil Fuels," describes a general analytical
approach for detailed analysis of hydroxyaromatics (ArOH) in fuels (1). An
inherent step in development of analytical methods is evaluation of their
performance on actual samples. Thus, ArOH concentrates were isolated from a
wide spectrum of fuels, chemically derivatized, and analyzed in detail by
GC/MS. Results from three of the fuels studied during development of the
analytical method are presented here to 1) demonstrate the viability of the
analytical methodology and more importantly to 2) contrast the levels and
types of ArOH in three distinctly different fuel types: petroleum, shale oil,
and liquified coal.

Although numerous compositional studies, on one or more fuels of a given
type have been published, papers comparing composition of different types of
fuels are quite rare, Tomkins and Ho (2) compared levels of selected poly-
cyclic aromatic amines in coal liquids, shale oil and petroleum, and Allen,
et al. (3), compared overall structural profiles of heavy fractions from a
coal 1iquid, shale oil, petroleum and tar sand. A comparison of the levels of
phenol, and Cl‘ and C,-phenols in a shale oil and a coal liquid has also been
published (4). These three papers are a fairly complete listing of published
reports comparing different fuel types.

Prior work on Ar0H in individual fuel types has shown coal liquids to
contain phenols, indanols/tetralinols, hydroxybiphenyls/hydroxyacenaphtha-
lenes, hydroxyfluorenes, and naphthylphenols (5,6). A study on coal tar cited
similar compounds plus dibenzofuranols and pyrenols/fluoranthenols (7). White
and Li (8) identified over 20 specific ArOH compounds ranging from 6 to 15
carbons in an SRC-II coal 1iquid. McClennen, et ai. (9), studied changes in
phenol and indanol distributions induced by hydrotreating, and Scheppele,
et al. (10), studied ArOH and multihydroxylated aromatics in raw and hydro-
genated anthracene oil. Recently, hydroxylated thiophenic compounds and
nitrogen heterocycles have also been identified in coal liquids (11,12).
Finally, ArOH in coal liquid oils, asphaltenes, and preasphaltenes have been
compared (13); the hexame-insoluble fractions contain higher levels of ArQH
and generally more polycyclic ArOH.
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Shale o1l contains mostly phenols, with lesser amounts of naphthols and
Erace levels of higher-ring ArOH (14-17). Dihydroxyaromatics are also present
16,17).

Petroleum ArOH cover a wide range of structural types and molecular
weights from phenol up to highly substituted polycyclic ArOH (18-21). ArOH
usually make up less than 10% of the total acidic compound types in petroleum,
whereas they are the dominant acidic class in coal 1iquids and shale oil.

EXPERIMENTAL

Fuels selected for this work were an SRC-II coal liquid from the Fort
Lewis pilot plant run 77SR-12 (22,23), an in situ produced shale oil, OSCR 76-
552, kindly supplied by the Western Research Institute, Laramie, WY, and a
Wilmington, CA, petroleum which underwent extensive study during the API-60
project (18,19,24).

The analytical methodology for isolation and analysis of ArOH is
described in a separate preprint (1). The results presented here are a com-
posite of the GC/MS analysis of underivatized, silylated and acylated ArOH
concentrates; although, as previously explained (1), analysis of acylated ArOH
usually gave the most comprehensive data set.

RESULTS AND DISCUSSION

Only qualitative or semiquantitative results are presented, since the
relative GC/MS responses of various derivatized ArOH are unknown. The general
format for presentation of data is based on the commonly used Z-number
convention, where the Z-number of a given ArOH series is defined by its
empirical formula: C.Hy,., O. Although the ArOH were analyzed as either
acylated or silylated derivatives, all the tables report ArOH composition on
an underivatized basis.

Table 1 shows results from the distillation and 1iquid chromatographic
separations to obtain whole acid and ArOH concentrates. The relative
abundance of ArOH is coal liquid > shale oil >>petroleum, as expected. Also,
the percentage of total acids attributed to ArQH is greatest in the coal
liquid and least in the petroleum.

Tables 2(A-I) show the number of isomers separated and detected by GC/MS
at each carbon number of the major ArOH Z-series for the three fuels. If a
given distillate contained no members of a given series, it is omitted from
that section of Table 2.

Results for the Wilmington 370-535° C ArOH are not included in Table 2.
Current GC/MS profiles of this fraction do not show sufficient chromatographic
resolution to obtain more than a superficial analysis of ArOH present.
Acylation did decrease the retention of ArOH present, as expected, but did not
improve chromatographic resolution enough for detailed analysis. The few
peaks which were resolved corresponded to Z-series ranging from -16 O to
-24 0. Fragment ions from these series do not correspond with those present
in synfuel ArOH--probably because the Wilmington ArOH are primarily less
condensed structures with naphthene rings attached to 1- and 2-ring aromatic
nuclei.
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Table 3 compares the overall composition of ArOH in the three fuels. ATl
three fuels contain phenols, indanols/tetralinols and members of the -14 0 and
-16 0 series of ArQH. The major differences between the fuels 1ie in the
relative abundances of these series and in the individual structures of ArOH
in these and the other series present. These differences are discussed below
for each ArQH series.

-6 0

The coal 1iguid contains the largest overall abundance of phenols as seen
by the large proportion (10.3% of the whole 0i1) of ArOH in the 200-325° C
distillate (Table 1) and by the fact that they are the major ArQOH type in that
distillate (Table 3). The coal liquid GC/MS profile showed large peaks
corresponding to individual C,-C, phenol isomers, which in total probably
accounted for nearly half of %he ArOH present. and C -pheno]s were
relatively minor components in the coal liquid ang no C7- or higher homologs
were detected.

The distribution of phenolic homologs in the Wilmington petroleum was
similar to that of the coal 1iquid (Table 2A). However, their overall
abundance was lower by about three orders of magnitude, as estimated by the
total ArOH present (225-370° C ArQH were 0.03% of the whole crude, Table 1)
and the intensity of phenolic GC/MS peaks observed.

On the other hand, the distribution of phenols in the shale oil was
markedly different than the other fuels. Species with a total alkyl carbon
number up to C17 were observed, and mass spectral fragmentation patterns
indicated predominantly straight-chain alkyl substituents or substituents with
one or two methyl-branches. In total, phenolic species probably accounted for
two-thirds of the shale oil ArOH.

-8 0

Indanols/tetralinols were present in all fuels, but were not a dominant
series in any fuel. Their abundance was highest in the coal liquid, since
they were the second most prevalent type in the 200-325° C Ar0H concentrate
which comprised 10.3% of the whole SRC-II oil. Based on mass spectral frag-
mentation patterns (1), indanols dominated tetralinols in all fuels. The pre-
dominance of indanols over tetralinols has been reported previously (5,9).

Due to the relatively low amounts of naphthols observed in all fuels,
especially the coal liquid, it seems 1ikely that this series may be largely
derived from hydrogenation of naphthols during coal liquifaction, shale
retorting and petroleum maturation processes.

-100

This series was not conclusively identified in any fuel. McClennen, et
al. (9), alluded to the presence of hydroxytetrahydroacenaphthalenes in the1r
study of coal liquid ArQH, and the authors have tentatively identified a -10 0
ArQH series of compounds in a marine diesel fuel. Overall, -10 O ArOH
compounds appear to be present at low levels or nonexistent in most fuels.
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=12 0

Naphthols were positively identified in the petroleum and shale oil ArOH
concentrates, but they were not major components in either fuel. Based on the
intensity of the GC/MS peaks and overall amount of ArOH present, naphthols
comprised a much more significant percentage of the shale oil than any other
fuel. Minor amounts of a higher molecular weight -12 0 series, corresponding
to tricycloalkylphenols, have tentatively been identified in the SRC-II
>325° C ArOH concentrate.

-14 0

Compounds in this series were quite prevalent in the coal liquid and
petroleum, but relatively minor in the shale oil. As discussed earlier (1),
distinquishing between the various isomers of this series on the basis of mass
spectral fragmentation patterns is quite difficult. Possible structures
include hydroxybiphenyls, hydroxyacenapthalenes, benzindanols and benztetra-
linols. Taking into account the uncertainties in mass spectral interpreta-
tion, the petroleum and coal 1iquid are neverless believed to contain all of
the possible -14 0 isomers, with hydroxybiphenyls being the dominant species.
Figure 1A shows evidence for presence of benztetralinols in the Wilmington
petroleum ArOH concentrate. Thus, one or both of the acylated parent (M+)

-14 0 species, represented by ions at m/e 364 and 350, give rise via loss of
42 or 28 mass units respectively to the fragment ion at m/e 322. Although it
is possible that the m/e 322 jon is a parent (M+) ion resulting from some ab-
normally high-boiling -14 O isomer, its production via retro-Diels-Alder loss
of propylene or ethylene is much more 1ikely. This fragmentation behavior is
characteristic of cyclohexylaromatic systems (25), and thus indicates a
benztetralinol structure. The intense ion at m/e 225 in Figure 1A occurs from
loss of CF,C(0)+ from the m/e 322 ion; the ion at m/e 344 is a molecular ion
from a coe?uting -20 0 species. Also, this and other spectra in Figure 1
indicate the complexity of spectra from later eluting GC/MS peaks.

-16 0

In the coal liquid and shale oil, this series consists largely of
hydroxyfluorenes. In the petroleum, the major structural types are probably
phenylindanols/phenyltetralinols. Next to -14 0 compounds, -16 0 compounds
were the second most prevalent type in the SRC-II >325° C ArOH. On the other
hand, the -16 0 series was a very minor one in the shale oil, and intermediate
in the petroleum. The -16 0 series was the most condensed ArOH species found
in shale oil.

Besides hydroxyfluorenes, the coal liquid contains -16 0 compounds which
produce retro-Diels-Alder fragmentation patterns similar to those discussed
for -14 0 compounds. Figure 1B shows an example where the parent (M+) ijon at
m/e 334 gives rise to a 306 fragment. This pattern is consistent with either
a phenyltetralinol or dicycloalkynaphthol{e.g., hexahydropyrenol) structure.
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-18 0

Only the >325° C coal 1iquid ArOH concentrate showed easily detectable
amounts of this series. Based on its mass range (Table 2F) and the prevalance
of phenanthrenes/anthracenes in coal 1iquids, this series is believed to be
hydroxylated phenanthrenes/anthracenes.

-20 0

This series was found in both the coal 1iquid and petroleum, but was more
pravalent in the ccal 1iquid. Possible structures include phenylnaphthols,
cycloalkylphenanthrols and dihydropyrenols. Figures 1 (D-F) show example
acylated -20 Q0 series spectra representing the different types present in the
coal liquid >325° C residue. Figure 1D shows a fragmentation pattern most
likely produced from a C;-phenylnaphthol. The relatively large M-69 ion (m/e
261) from loss of CF,+ is also exhibited by hydroxybiphenyls--which would be
expected to give spectra analogous to phenylnaphthols. Biphenyls also show a
pronounced tendency to form another carbon-carbon bridging bond yielding a m/e
152 ion (26); analogous behavior by phenyinaphthols would yield
fluoranthene. Thus, the m/e 218 jon in figure 10 should have a structure
analogous to an oxyfluoranthene, and the m/e 202 ion a structure similar to
fluoranthene itself.

Figure 1E shows a fragment corresponding to loss of 28 (C,Hg) from the
parent ion at m/e 358. This pattern is typical of a C;-cyclohéxylphenanthrol
compound type. No M-69 ion is apparent, but the M-97 }m/e 233) fragment is
fairly intense.

Figure 1F shows a large parent ion (m/e 330) relative to fragment ions as
well as a long GC retention time relative to its molecular weight. For
example, the retention of the compound of equal mass in Figure 10 was only
22.5 min, and the retention of the compound 28 mass units heavier in Figure 1E
was only 0.3 min longer than that in Figure 1F. These facts all point to a
highly condensed species such as Cl-dihydropyreno1. A dihydropyrene species
would be expected to form pyrene (m/e 202) during fragmentation (25), as
observed in Figure 1F. Also, Figure 1F correlates closely with Figure 1C,
which is believed to be a pyrenol. Both figures show a fragment at m/e 189
corresponding to loss of CO from the m/e 217 fragment. Phenol shows this same
fragmentation pattern (27); thus a 1- or 2-pyrenol structure is the most
logical for Figure 1C, and a 1- or 2-hydroxy-4,5-dihydromethyipyrene structure
is the best choice for Figure 1F. For example, 4-hydroxypyrene or 9-hydroxy-
4,5-dihydropyrene would not be expected to give rise to a fragmentation
pattern promoting loss of CO to form a cyclopentadienyl-type cation.

Structures for -20 0 ArQOH in the petroleum could not be defined as well
as those from the coal liquid because of coelution of -14 0 and -16 O
compounds which complicated the resulting spectra.

=22 0,-24 0

As discussed previously, the coal 1iquid contained -22 0 compounds
believed to be pyrenols. The possibility of other types of ArOH in this
series could not be definitely confirmed or ruled out. -24 0 Species in the
coal liquid appear to be cycloalkylpyrenols rather than chrysenols or some
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other condensed species based on the mass range observed. Again, because of
the complexity of the petroleum ArOH spectra, no definite structures for -22 O
species were assigned. Based on the mass range of -22 0 ArOH in the petro-
leum, Toosely condensed structures such as naphthylindanols, naphthylte-
tralinols or hydroxytriphenyls seem the most probable.

Non-ArQH species

In contrast to earlier reports citing no or only trace amounts of
carboxylic acids in shale oil (14-17), a major series of aliphatic acids
ranging from 5 to 27 carbons was observed here. From CigtoC 2-3 isomers
were observed at every carbon number; only one isomer was founs at most of the
other carbon numbers. Silylated fatty acids yielded characteristic fragment
ions at m/e 117, 129, 132, 145, and M-15. -During liquid chromatographic
separation of the shale 0i1 strong acid fraction, the retention region
corresponding to carboxylic acids was not cut as a separate fraction but
simply lumped into the ArOH fraction (1). Since previous work had not shown
presence of significant amounts of carboxylic acids in shale oil and since
their presence in the authors' sample could not be detected by the UV (280nm)
detector employed for the HPLC separation, there was no apparent reason for
cutting a separate carboxylic acid fraction. Based on total ion intensities
of silylated carboxylic acids vs. silylated ArOH, carboxylic acids accounted
for nearly 50% of the total "ArOH" concentrate. Thus, the result given in
Table 1 for concentration of ArOH in shale oil may be high by a factor of
two. Figure 2 shows GC/MS total ion chromatrograms for underivatized,
acylated and silylated shale oil Ar0OH concentrate. The later eluting, evenly
spaced, peaks in the silylated (2C) sample are all aliphatic acids. Since
underivatized carboxylic acids chromatograph poorly, they are not evident in
the underivatized or acylated samples. The shale oil investigated in this
work was retorted in situ; carboxylic acids present in 0il shale (28)
apparently survived temperatures reached during that type of o0il recovery
process.

Small amounts of nitrogen compounds (1) and carboxylic acids were present
in petroleum ArOH concentrates, largely from chromatographic overlap usually
encountered in liquid chromatographic separations. Coal 1iquid ArOH
concentrates were virtually free of non-ArOH compounds.

CONCLUSIONS

The two most distinguishing features of coal liquid ArOH are their high
concentration in the whole 0il and presence of condensed ring species such as
pyrenols and partially hydrogenated pyrenols. Shale oil ArOH are
predominantly phenols, some which posses alkyl side chains up to nearly 20
carbons. Petroleum contains relatively low amounts of ArOH but has the
greatest diversity of types and isomers present.

The methodology used for analysis of ArOH generally performed well on the
wide range of samples examined, except in the case of the 370-535° C petroleum
ArOH concentrate. Further improvements including more 1liguid chromatographic
separations, higher resolution GC columns, etc., will be needed for analysis
of that sample or one of similar complexity.
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TABLE 2A. - Results for -6 O series of ArOH (C H,,_g0)]

Fuel (Distillate Boiling Range, °C)

Coal Liquid Shale 0il Petroleum
(200-325) (>200) (225-370)

sz Molecular Weight Number of Isomers3
Co 94 0 1 1
€, 108 2 3
C, 122 6 5
Cy 136 9 11 4
Cyq 150 4 12 5
Cs 164 4 12 5
Ce 178 2 9 2
Cy 192 9 1
Cg 206 11 1
Cq 220 7
C10 234 7
€11 248 7
1 362 4
C13 376 3
Ciq 290 1
C15 304 2
C16 318 2
C17 332 2
lann 60 compounds were phenols.
2 ¢, = total number of carbons in alkyl substituents.
3 Némber of isomers detected at each alkyl homolog.




TABLE 2B. - Results for -8 0 series of ArOH (C Hyn_g0)!

Fuel (Distillate Boiling Range, °C)

Coal Liquid Shale 0i1l Petroleum
(200-325) - (>200) (225-370)
Cy Molecular Weight Number of Isomers
Cq 134 2 2 1
¢y 148 7 6 4
C, 162 8 10 7
Cy 176 4 11 6
Cy 190 4 12 4
Cg 204 7 1

1 The dominant structure based on GC/MS fragmentation patterns was indanol
for all fuels. Some tetralinols (Cy-tetralinol corresponds to C;-indanol
in mass) were detected in all fuels, however.

TABLE 2C. - Results for -12 0 series of ArOH (CnHZn_wO)l'2

Fuel3 (Distillate Boiling Range, °C)

Shale 011l Petroleum
(>200) (225-370)
Cy Molecular Weight Number of Isomers
Co 144 2 1
¢ 158 4 1
) 172 6 2
Cy 186 6 2
Cyq 200 2 2
Cg 214 1

% No appreciable amounts of -10 0 ArQH were detected in any fuel.

A1l -12 0 compounds were naphthols.

Ions corresponding to naphthols were detected in SRC-II, but they were
small in intensity and not definitive enough for a positive identification.
A -12 0 series corresponding to octahydropyrenols or some similar structure
has tentatively been identified in SRC-II >325° C ArQH.
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TABLE 20 - Results for -14 O series of ArOH (CoHopn-140)

Fuel (Distillate Boiling Range, °C)

Coal Liquid Shale 0il Petroleum
(200-325) (>325) (>200) (225-370)
gxl Molecular Weight
Co 170 2 0 2 2
¢ 184 5 10 4 3
Cr - 198 2 19 8 5
Cs 212 20 8 10
Cq 226 15 6 12
Cs 240 11 2 11
Ce 254 5 1 8
Cy 268 4
Cg 282 4
Cq 296 2

1 Unsubstituted hydroxybiphenyls and hydroxyacenaphthalenes have molecular
weights of 170. Cpy-benzindanols have molecular weights of 184, and
Co-benztetralinols have molecular weights of 198. Hydroxybiphenyls are
believed to be the dominant -14 0 structure, but all other isomers are
also believed to be present.
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TABLE 2E. - Results for -16 0 series of ArOH (C Hp, 160)

Fuel (Distillate Boiling Range, °C)

Coal Liquidl’2 Shale 011} Petroleumd
(>325) (>200) (225-370)

¢, ! Molecular weight

Number of Isomers

% 182
¢y 196
Cy 210
Cq 224
Cq 238
Cs 252
Cq 266
o 280
Cg 294

12
19
19
15

N oW ;W

— N B Ol = O O O

% Predominantly fluorenols. MW Co-f1uoreno1 = 182.
Compounds analogous to hexahydropyrenols and phenyltetralinols are also

3

MW Cp-phenyltetralinol = 224.

present. MW Co-hexahydropyreno1 = 224.
Based on mass, predominantly phenyltetralinols.

TABLE 2F. - Results for -18 0 series of ArOH (anZn-IBO)l

Fuel (Distillate Boiling Range, °C)

Coal Liquid
(>325)

C, Molecular Weight

194
208
222
236
250

Number of Isomers

w oY O

1 Presumably hydroxyphenanthrenes/anthracenes. (MW Co = 194)
A spectrum of a -18 O compound free of other types was not
obtained, so positive identification was not possible.
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TABLE 2G. - Results for -20 O series of ArOH (CrHop_200)

Fuel (Distillation Boiling Range, °C)

Coal Liquid1 Petroleum?
(>325) (225-370)

C, Molecular Weight Number of Isomers

Co 220 8 1
o 234 20 1
o 248 16 4
o 262 10 4
Cq 276 3 4
Cy 290 1

1 Dihydropyrenols, phenylnaphthols, and cycloalkylphenanthrols/anthracencls.
» MW Cg-dihydropyrenol, Cy-phenylnaphthol and Cp-benzacenaphthalenol = 220.
Unknown structure.

TABLE 2H. - Results for -22 0 series of ArOH (C Hpp_550)

Fuel (Distillation Boiling Range, °C)

Coal Liquid1 Petrcﬂeum2
(>325) (225-370)

€, Molecular Weight Number of Isomers

Cy 218 2 0
%] 232 3 0
Cy 246 2 0
3 260 3 2
Cq 274 3 2
Cs 288 1 1

1 Pyrenols/fluoranthenols. MW Cy = 218.
Unknown. Possibly naphthylindanols, naphthyltetralinols and/or
hydroxytriphenyls. (MW of Cy homologs = 260, 274, and 246,
respectively.)
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TABLE 2I. - Results for -24 0 series of ArOH (C,Ho,_240)

Fuel (Distillation Boiling Range, °C)
Coal Liquid1

(>325)
€y Molecular Weight Number of Isomers
G 258 4
¢ 272 3

1 Probably cycloalkylpyrenols/cycloalkylfluoranthenols. MW Cp-cyclopentyl-
pyrenol = 258. MW Cgp-chrysenol = 244 (not observed).
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Figure 1 - Mass spectra from GC/MS analysis of acylated Wilmington 225-370° €

(A) and SRC-II >325° C (B-F) ArOH concentrates. The GC retention
times are noted on each. (A) shows primarily -14 O compounds (m/e
344 is -20 0) (B) shows primarily -16 0 (m/e 358 is -20 0) (C)
shows -22 0 (m/e 314) with minor amounts of other series and (D-F)
shows different types of -20 O compounds. For details, see text.
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Comparative toxicity of crude and refined coal liquids and analogous
petroleum products. I. Chronic dermal toxicity in mice.

H. P. Witschi, L. H. Smith, M. E. Goad, M. R. Guerin, W. H. Griest,
and C-h. Ho

Biology Division and Analytical Chemistry Division, Oak Ridge National
Laboratory, Oak Ridge, TN 37831

Introduction

Human exposure to crude and refined coal liquids is most likely to occur via skin
contact. In order to estimate eventual risks to human health as a consequence of
incidental and prolonged skin contact it is necessary to obtain some information on
the potential of coal-derived liquids to elicit skin cancer. This can be done with
animals in experimental studies which mimic anticipated human exposure. In addition
it also must be established whether prolonged dermal exposure will produce signs of
toxicity not only on the skin, but internal organs. This paper reports data obtained
in a life-long skin painting study with mice designed to explore these questions.

Materials and Methods

The following materials were tested: Raw H-coal blend, containing 5700 ppm N; H-coal
blend after low hydrotreatment (2650 ppm N); H-coal blend after high hydrotreatment
(0.2 ppe N); H-coal "home heating oil", a devolatilized version of the high-
hydrotreatment H-coal blend; and an H-coal reformed naphtha., Two petroleum-derived
reference samples were obtained from the American Petroleum Institute: Petroleum No.
2 fuel oil and high catalytically cracked naphtha (gasoline). Benzo(a)pyrene (99%
pure; Sigma Chemical Company) was used as reference substance.

Experimental animals were male and female C3H mice, bred and maintained in the bar-
rier facility of the Bilology Division, Oak Ridge National Laboratory. The test
agents were applied three times a week onto the shaved skin of the back. The fol-
lowing concentrations were used: 50 ul of undiluted material, 50 ul of a 1:1 or 50
ul of a 1:3 dilution with acetone. Positive controls received 50 ug, 25 ug, or 12.5
ug of benzo(a)pyrene in 50 ul of acetone per application (three times a week) and
negative controls were painted with acetone alone or not painted at all. Twenty-five
animals of each sex were used per dose level.

All animals had free access to food and water and were kept 5 to a cage on hardwood
shavings for the duration of the study. They were weighed periodically. The animals
were treated on Mondays, Wednesdays and Fridays. Whenever a skin abnormality became
visible at the site of test agent application, painting continued for another two
weeks. When the skin mass was found to persist, the animal was killed, and the skin
lesion excised and fixed in neutral buffered formalin. A complete necropsy was per-
formed, all observations were noted and selected tissues were fixed in neutral buf-
fered formalin, All skin lesions were examined on paraffin sections under the light
microscope. Animals not showing any skin lesions were continuously painted until
:“ound moribund or dead. A complete necropsy was performed on all animals killed or
ound dead.

Besults and Discussion

Data on overall tumor incidence are shown in Table 1 and can be summarized as fol-
lows: In animals treated with 50 ug of benzo(a)pyrene per application, the first
skin lesions began to appear 14 weeks later. In animals given the lowest dose of
benzo(a)pyrene (12.5 ug per application) the first tumors appeared after 19 weeks.
Tumor incidence then rose dramatically in all animals exposed to benzo(a)pyrene

within 5-10 weeks after appearance of the first skin lesion. All animals exposed




eventually developed skin tumors. Histologically, the majority of tumors, 70%, were
squamous cell carcinomas. On the other hand, in animals painted with acetone alone
or not painted at all, very few skin tumors were observed which were benign papil-
lomas,

Among the coal liquids only the raw H-coal blend produced an almost 100% incidence of
skin tumors at all 3 concentrations tested. The first tumors were seen 10 weeks
after the first application of 50 ul of the undiluted material (highest dose group).
With the lower concentrations, the first tumors were seen after 20 and 33 weeks,
respectively. Once the first tumor was discovered in any group, it took approxima-
tely one year until most animals in a given group had developed skin tumors. Of
these tumors 46% were malignant squamous cell carcinomas.

Hydrotreatment dramatically reduced the carcinogenic potential. The low hydrotreat-
ment preparation, painted undiluted onto the skin, produced the first tumors after 58
weeks, and 92 weeks after beginning of the experiment, tumor incidence was only 14%.
In animals exposed to the high hydrotreated preparation, tumors began to appear
usually after 70 to 80 weeks and the fina)l tumor incidence in all 3 dose groups was
between 16% and 44%. Only 2 tumors were found in the 150 animals exposed to H-coal
reformed naphtha. However, in animals exposed to H-coal "home heating oil", the
devolatilized version of the highly hydrotreated H~coal blend, tumors began to appear
around 40 to 50 weeks of exposure and final tumor incidence in animals exposed to the
undiluted material was 30%.

The two petroleum-derived samples had practically no carcinogenic potential; only 3
animals with tumors overall were found in animals painted with gasoline and only a
total of 13 animals had tumors 95 weeks after beginning of the experiment. An
evaluation of the gross necropsy findings showed that many animals suffered from
lesions usually expected to develop in a certain percentage of aging animals, such as
myocardial caleification, renal failure, liver tumors, ovarian tumors, and lymphomas,
among others. However, the gross lesions were not associated with any particular
treatment regimen and were also seen in the control and untreated animals.

It is concluded that the carcinogenic potential of a raw H-coal blend can be mostly
abolished by hydrotreatment; however some carcinogenic potential remains associated
with a devolatilized version of a severely hydrotreated sample. Petroleum derived
products have considerably less carcinogenic activity, an observation compatible with
earlier findings. Finally we did not find gross signs of toxicity in organs other
than the skin, and the compounds treated seemed not to act as systemic carcinogens.

Acknowledgement

We wish to thank the American Petroleum Institute (API) for having made the two sam-
ples available to us.

Research sponsored by the Office of Health and Envirommental Research, U. S. Depart-
ment of Energy under contract DE-AC05-840R21400 with the Martin Marietta Energy Sys-
tems, Inc.

By acceptance of this article, the
publisher or recipient acknowledges
the U.S. Government's right to
retain s nonaxclusive, roysity.frae
license in end to any copyright
covaering tha article.

145




Table 1: Skin Tumor Incidence

Median

Dose per! No. of animals with skin time to

Compound application tumors/ No. of animals exposed tumor 9

(days)
931 Raw H-coal blend 50 41/50 45
25 45/50 52
12.5 44/50 62
934 Low hydrotreated 50 7/50 112
(2650 ppm N) 25 6/50 117
12.5 1/50 149
935 High hydrotreated 50 10/50 100
(0.2 ppm N) 25 17/50 11
12.5 8/50 119
978 H-coal "home 50 14/50 97
heating oil" 25 12/50 108
12.5 8/50 112
936 H-coal reformed 50 0/50 -
naphtha 25 0/50 -
12.5 2/50 155
975 API No. 2 fuel o1l 50 5/50 120
25 6/50 131
12.5 2/50 144
976 API gasoline 50 3/50 125
25 4/50 130
12.5 6/50 143
Benzo(a)pyrene3 0.1 25/25 21
0.05 25/25 24
0.025 25/25 31

1High dose was 50 ul of undiluted material; 50 ul lower doses obtained by dilution
with acetone; all doses applied 3 times weekly.

2Animals killed 2 weeks after appearance of skin tumors; all tumors confirmed by his-
tological diagnosis.

3Doses are in percent (w/v) benzo(a)pyrene, 50 ulL per mouse.
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In the last decade major efforts have been made to ensure the energy self-
sufficiency of this country. Included in that effort has been the development
and refinement of coal conversion technologies as a means of permitting increased
uStige of coal resources without attendant increases in pollution. Processes of
coal liquefaction and gasification are not, however, free from hazard risk.
Solvent refined coal materials SRCI and SRCII, fractions from Bergius and Fisher-
Tropsch operations, and H-coal process products have been shown to produce adverse
biological effects, such as tumors in experimental animals or mutations in various
test system (e.g. 1-3, 7-10)., Analytical data indicate that polycyclic aromatic
hydrocarbons (PAH), heterocyclic compounds, aromatic amines and other materials
with carcinogenic potential are likely to be produced by liquefaction processes
(1, 3-6, 16)., Coal conversion materials are highly complex and ill-defined
mixtures. Coal liquids, for example, have a more complex composition than do
crude petroleums of a similar boiling range. Mutagenic or carcinogenic components
may, in fact, constitute a very minor percentage of the mass of these materials.

For these, as for other mixtures of biologically active materials, the
question has been raised whether the individual activities of constituents are
additive or if there are interactive effects contributing to the overall biological
activity observed for the mixture. There are a few examples of non-additive bio-
logical responses in the literature. It is known, for instance, that mixtures of
PAH and aromatic amines showed greater than additive effects when assayed for
mutagenicity of Salmonella typhimurium (11), Likewise, a mixture of benzolal-
pyrene (BaP) dihydrodiols was more directly mutagenic than would be expected
based on the mutagenic activities of the individual diols. When rat liver homo-
genates (S9) were added to assay system, the reverse was true (12). Our laboratory
has also observed that fractions of coal-derived materials exhibited non-additive
mutagenic responses in Salmonella typhimurium (14). Current research has been
directed toward an examination of synergistic or antagonistic biological activi-
ties of coal conversion mixture components.

MATERIALS AND METHODS

Samples and Preparation

Samples were supplied through U.S. DOE PETC by R.A. Winschel of the Coal
Research Division of Conoco. All materials were collected on a daily basis,
combined and distilled by Conoco. Sample PDU-9 is a hydroclone overflow material
from an H-coal process design unit. Lummus Feed and Lummus Product are the
second stage feed and product, respectively from run 3LCF9 of a Lummus Integrated
Two Stage Liquefaction process. Samples were stored in the dark at 5°C. They
were prepared for assay by weighing 100-500 mg and adding dimethylsulfoxide
(DMSO) so as to obtain a presumptive concentration of 10 or 20 mg/ml. Sample
solutions were filter sterilized and applied as 0.1 ml aliquots for reverse
mutation assays and as 1 ul aliquots for forward mutation assays. Tared vessels
containing undissolved materials were dried and weighed, and this figure used in
calculation of the true concentration of the test solutions.
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Preparation of Solvent Extracts of Samples

Approximately 5g of each sample was weighed and a volume of solvent equal to
5x of the weight was added in capped tubes. This mixture was agitated vigorously
in the dark at room temperature for 2 hrs., After centrifugation to settle
particulates, the solvent was removed and an equal amount of fresh solvent was
added. The mixture was agitated for another 2 hours followed again by centrifuga-
tion. The two solvents with extracted material were pooled and evaporated under
Ny. This procedure was carried out sequentially with hexane, toluene, methylene
chloride, and acetonitrile. There was generally a quantity of unextracted mater-
ial remaining, which is referred to in the text and tables as the residue fraction.
The DMSO soluble portion of this material and all the dried extracts were prepared
for assay in the same manner as the whole sample.

Preparation of "Reconstructed Whole” Samples

"Reconstructed whole" mixtures were prepared by adding individual fractions
in the same proportions in which they were extracted. For example, PDU-9 fraction
III1 reconstruction consisted of 1.71% hexane fraction, 42.76% toluene fraction,
etc. Materials were dissolved in the original extracting solvents or weighed out,
combined, and the solvents evaporated under N;. The reconstructions were assayed
as DMSO solutions on the same occasion as were aliquots of the unfractionated
sample and the individual fractions.

Mutagenicity Assays in Salmonella Typhimurium

Liver homogenates (S9) for mammalian metabolism were prepared from male
Sprague-Dawley rats which had been injected i.p. with 500 mg/kg Aroclor 1254
and killed five days thereafter, Livers were homogenized in 3 volumes cold
buffer (0.15 M XCl, O0,05M Tris HCl). The supernatant fraction from 20 min.
centrifugation at 9000g was dispensed into 0.5 ml aliquots and stored at -70°C
until use.

Reverse mutation plate incorporation assays using Salmonella typhimurium
strains TAR97 and TA98 were done according to published procedures (9). All
assays included use of 50 ul S9/plate plus appropriate buffers and cofactors.

Strain TM677 was used in forward mutation assays wherein resistance to B-aza-
guanine toxicity was measured as the endpoint (15). Fresh cultures (from frozen
aliquots) of approximately 3x%107 organisms were used in microvolume suspension
assays, total volume 100 ul. The test material was added as 1 ul aliquots and S9
comprised 1% of the total assay volume. Duplicate assay tubes per experimental
point were incubated for 2 hr at 37°C in a gyrotory bath. At the end of the
incubation period cells were diluted 1/5 with phosphate buffered saline and 145 ul
plated in triplicate for selection of mutant organisms. An aliquot was further
diluted and plated in the absence of selection for determination of bacterial
survival. Numbers of revertants/107 surviving cells were calculated from the 6
mutagenicity and 6 toxicity plate counts per experimental point. A positive
response in this assay is one in which the number of mutants/105 survivors is
greater than the upper 99% confidence limit on both day of assay and mean histori-
cal spontaneous controls.

Results and Discussion

Sample PDU-9 is a vacuum still bottom material from an H-coal process design
unit using Kentucky 11 coal and run in the Syncrude mode. The Lummus process
which provided the Feed and Product samples consisted of a short contact
time liquefaction, followed by antisolvent deashing and subsequent upgrading of
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the deashed coal liquids in a Lummus-Cities Service LC fining unit. The Lummus
Feed is the LC-Finer feed stock, and Lummus Product the recycle oil produced by
this unit,

All materials were assayed for mutagenicity as DMSO solutions. All were
mutagenic in both reverse mutation assays to histidine prototrophy (Ames test)
and in a forward mutation assay using selection of B-azaguanine resistant clones,
Note that the latter test incorporates a 2-hour period wherein the Salmonella
and test items are incubated in liquid suspension. For all assays mutagenici{?
was detectable only when rat liver homogenates (S59) were included to provide
mammalian enzymes for metabolism of the materials to reactive forms.

Of the three samples, PDU-9 was most mutagenic, and is, in fact the most
mOtagenic fuel material assayed in our laboratory. This sample, and all others,
was diluted and assayed at 5 concentrations. The assay was repeated on this
set of solutions and then a fresh set of sample solutions was prepared and tested
on two occasions. As these coal materials are heterogenous in composition, there
are variations both in the amount of material soluble in DMSO and in the mutageni-
city observed. Data from assay of PDU-2 graphed in Figure 1, illustrate the
variation in mutagenic response. It is also clear from this figure that, at low
sample concentrations, there is a linear sample-dose/mutagenic response relation-
ship. It is possible, therefore, to obtain an estimate of the mutagenic response
per unit sample by applying regression analysis to those points and obtaining the
slope of the regression line. For the PDU-9 data graphed in Figqure 1, one obtains
an estimate of 50.6 TA98 colonies/ug sample and 48.1 TA97 colonies/ug. Mutageni-
city observed for Lummus Feed was 13.4 TA97 and 4.2 TA98 Colonies/ug and for
Lummus Product 17.9 TA97 and 1l1l.7 TA98 colonies/ug, Strain TA98 is known to
respond to a variety of compounds which cause frameshift mutations, including PAH
and aromatic amines. Strain TA97 also is reverted by frameshift mutagens but is
particularly sensitive to acridine compounds and probably to other heterocyclics
as well (B), The difference in response by the two strains of the Lummus vs the
H-coal (PDU-9) samples is suggestive of variations in their composition. 1It is
expected that the Lummus materials will be shown to be composed of a greater
percentage acridines and related compounds than the H-coal sample.

The forward mutation assay presumably detects all types of mutagenic events,
including deletions and translocations, that are compatible with bacterial
viability. The use of a suspension incubation gives the added advantage of
providing a relevant quantitation of test item toxicity. None of the test mater-
ials when assayed with S9 were toxic to the Salmeonella; that is, caused a reduction
of more than 40% viability. All three proved to give positive results, as measured
by increases in numbers of mutants/10° survivor greater than the upper 99% confi-
dence limit on both day-of-assay and mean historical spontaneous controls.
Furthermore, the magnitude of the mutagenicity response was seen to increase in a
linear fashion with sample concentration, allowing the same sort of estimation as
for the reverse assay data. Sample PDU-9 was also the most mutagenic sample as
measured in the forward mutation assay, with 2.94 mutants/105 survivors/ug compar-
ed to Lummus Feed (0.11 mutants/10° survivors/ug) and Lummus Product (0.45
mutants/10° survivors/ug).

As a first step in the analysis of these fuel materials, a simple fractiona-
tion process was undertaken. Sequential organic solvent extracts were prepared
using solvents of increasing polarity; namely, hexane, toluene, methylene chlor-
jde, and acetonitrile. The DMSO-soluble portion of the non-extractable material
(residue) left at the end of the process, and all fractions were assayed for
mutagenicity in forward and reverse assays as described for the uncut sanmples.
Two sets of fractions were prepared and assayed.




Generally these materials were similar in their extraction properties to
other H-coal vacuum bottoms we have assayed (13, 14, 17). Little material isg
extracted by hexane and less than 1% of the total mass was acetonitrile extract-
able, From 20-36% of the material was left at the end of the procedure as the
residue fraction. In the course of the fractionation, the sample gains weight,
presumably due to retained solvent or water. Use of solvents which had been
dried by the addition of a water sieve agent did not reduce this weight gain,

The fractions differ markedly from one another in their mutagenic activity
(Tables 1-5). As one would expect, the residue fraction of the extraction process
is the least mutagenic material, The components extracted by acetonitrile are
generally highly mutagenic (e.g. PDU-9 100,940 TA98 colonies/mg: 73,272 TA9?
colonies/mg). This latter fraction, presumably the most polar components of the
coal-conversion materials, is present in small amounts. The proportionate activ-
{ty of the whole mixture is, therefore, very small, assuming additivitv. If one
multiples the calculated mutagenicity of a fraction in colonies/mg by the per
cent of the whole mixture that fraction represents, a determination of fraction
specific activity can be made. For example, in Table 1, the TA98 mutagenicity of
the residue fraction was low, 2544 colonies/mg, but these components constitute
23.84% of the sample. The specific activity of the residue, or its contribution
to the mutagenicity of the whole sample, was 606 colonies/mg whole sample. The
highly mutagenic acetonitrile fraction contributed to the same extent to whole
sample mutagenicity (596 colonies/mg whole sample) as it constituted only 0.59%
of the PDU~9 sample mass.

I1f there are no interactive effects among fractions of these coal-conversion
materials, the sum of the specific activities should equal the mutagenicity
observed for the unfractionated material. when these summations have been
calculated for a variety of coal-conversion samples the percentages have been
found to be comparable to the whole sample mutagenicity. There have also been
observed sums of fractional activities less than the whole as well as greater
than the whole (14). PDU-9, Lumnus Product and Lummus Feed fall into the former
category. This non additivity of fraction mutagenic activities is unlikely to be
due to dilution as a result of weight increase of the material during the extrac-
tion process. In no instance was the weight gain more than 20% of the original
sample weight (PDU-9). Table 1 indicates that the "loss" of PDU-9 mutagenicity
with fractionation was about 50% for the reverse mutation assay (Table 2). The
data for Lummus Feed are similar (Tables 4,5), whereas dilution cannot be discount-
ed as accounting for the majority of the non-additivity observed with the Lummus
Product sample (Table 3).

Another explanation for non-additivity is the loss or alteration of mutagenic
compounds as a consequence of the extraction process. It was believed that this
mild extraction, which entails no changes in pH or temperature of the material,
would be unlikely to generate oxygenated or otherwise modified compounds. The
protocol was undertaken under yellow lights to minimize photoreactions of PAHs
and other aromatic compounds. A third possibility is that the fractional compon-
ents act as co-mutagens.

To elucidate the mechanism of the observed non-additivity, ®reconstructed
whole” mixtures were prepared. This was done by recombining the sample fractions
in the same proportions which they were extracted. The reconstructions were
assayed in reverse and forward mutation assays on the same occasions as the
unfractionated whole and the individual fractions. If there are, in fact, co-
mutagenic interactions among fractions, the mutagenicity of the reconstructed
mixture should be increased relative to the fraction sums. For PDU-9 this proved
not to be the case (Table 1). For both strains TA97 and TA98, the reconstruction
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mutagenicity was not increased,but was roughly equivalent to the fraction sum.
This was also the case for forward mutation assay of the reconstructed sample
(Table 2). Data derived from assay of the set B fractions corroborate these
results (not shown). The Lummus Product reconstruction assay showed only a very
little increase in TA97 mutagenicity. For both of these samples it would appear
that non-additivity of organic fraction mutagenicity is due to artifacts of
extract preparation.

This does not appear to be the case for the Lummus Feed material. Data from
reverse mutation assay of both sets of fractions (Tables 4,5) indicate an increase
in mutagenesis on the order of 28% to 65% relative to the fraction sums. That
there were alterations in the fractions as artifacts of preparation cannot be
discounted, but it is also clear that there is evidence of co-mutagenicity among
fractions of the Lummus Feed sample, It should be noted parenthetically that the
data in these tables also illustrate the potential for loss or change of biological
activity that occurs in these complex mixtures as a function of time. Fraction
sets A & B were prepared in assayed over a period of several months.

The premise that single mixtures compounds behave independently or additively
when mixed is a subject of continuing discussion. The work described here
indicates that complex mixtures of compounds may not have biological activity
which can be estimated on the basis of summation of activities of known components.
It also points out, however, the difficulty of separating mixture components in a
way which leaves them unchanged.
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Table 1

COMPARISON OF PDU-9 FRACTION (SET A) AND RECONSTRUCTED MIXTURE
MUTAGENICITIES: REVERSE MUTATION PLATE INCORPORATION ASSAYS

SPECIFIC ACTIVITY

PERCENT COLONIES/mg3 COLONIES/mgb

| SAMPLE EXTRACTION TA97 TA98 TA97 TA98
Hexane 1.71 16,850 18,881 288 323
Toluene 42,76 9,516 15,903 4,069 6,800

b Methylene Chloride 31.11 29,319 49,017 9,121 15,249
Acetonitrile 0.59 73,272 100,940 432 596
Residue 23.84 1,404 2,544 335 606

Whole 28,056 49,092

Sum of Fractions 14,245 23,574
(50.8%) (48.0%)

Reconstruction 15,829 16,389
(56.4%) (33.4%)

4 Calculated from linear portions of dose response curves
Colonies/mg x per cent extraction

Table 2

COMPARISON OF PDU-9 FRACTION (SET A) AND RECONSTRUCTED
- MIXTURE MUTAGENICITIES: FORWARD MUTATION ASSAY

PERCENT TM677 COLONIES/ SPECIFIC ACTIVITY
SAMPLE EXTRACTION 10 SURVIVORS/mg COLONIES/1 05 SURVIVORS/mg
Hexane 1.7 187 3
Toluene 42.76 405 173
Methylene Chloride 3.1 1,084 337
Acetonitrile 0.59 2,514 15
Residue 23.84 57 14
)
whole 2,911
|
: sum of Fractions 542
(18.6%)
; Reconstruction 313
(10.8%)

@ Calculated from linear portion of dose response curves
b Colonies/105 survivors/mg x per cent extracted
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Table 3

COMPARISON OF LUMMUS PRODUCT FRACTION (SET A) AND RECONSTRUCTED MIXTURE
MUTAGENICITIES: REVERSE MUTATION PLATE INCORPORATION ASSAYS

SPECIFIC ACTIVITY

PERCENT COLONIES/mgd COLONIES /mgP

SAMPLE EXTRACTED TA97 TA98 TA97 TAS8
Hexane 4,76 31,373 6,309 1,493 300
Toluene 26.39 13,128 11,880 3,463 3,135
Methylene Chloride 16.50 28,341 38,141 4,676 6,293
Acetonitrile 1.26 18,862 23,775 238 300
Residue 51.08 2,545 4,686 1,300 2,394
whole 15,730 21,844
Sum of Practions 11,170 12,422
(71.0%) (56.9%)

Reconstruction 12,718 13,482
(80.9%) (61.7%)

a4 Calculated from linear portion of dose response curves
b Colonies/mg x per cent extracted
Table 4

COMPARISON OF LUMMUS FEED FRACTION AND RECONSTRUCTED MIXTURE MUTAGENICITIES:
REVERSE MUTATION PLATE INCORPORATION ASSAYS, STRAIN TA97

PER CENT TA97 SPECIFIC ACTIVITY
SAMPLE EXTRACTED COLONIES/mgP TA97 COLONIES/mg®
A B A B A B
Hexane -~ 2.48 2.13 8,862 376 220 8
Toluene 25.94 17.88 9,603 8,721 2,49 1,559
Methylene
Chloride 34,28 37.76 15,106 10,200 5,178 3,852
Acetonitrile 1.06 0.75 22,265 28,732 236 215
Residue 36.24 41.48 2,540 726 920 301
wWhole 17,952 13,411
Sum of Fractions 9,045 5,915
(50.4%) (44.2%)
Reconstruction 15,385 12,162
(85.7%) (90.7%)

——

2 Refers to fraction set A or B
b calculated from linear portions of dose response curves
C Colonies/mg x per cent extracter 154




Table 5

COMPARISON OF LUMMUS FEED FRACTION AND RECONSTRUCTED MIXTURE MUTAGENICITIES:

REVERSE

MUTATION PLATE INCORPORATION ASSAYS, STRAIN TA98

- PER CENT TA98 SPECIFIC ACTIVITY
SAMPLE EXTRACTED COLONIES /mgP TA98 COLONIES/mgS
Al B A B A B
Hexane 2.48 2,13 4,376 458 108 10
Toluene 25.94 17.88 4,876 3,454 1,265 618
Methylene
Chloride 34.28 37.76 4,436 3,973 1,521 1,500
Acetonitrile 1.06 0.75 20,630 10,192 902 151
Residue 36.24 41.48 2,490 364
whole 11,127 5,002
sum of Fractions 4,015 2,355
(36.1%) (47.1%)
Reconstruction 7,183 5,643
(64.6%) (112.8%)

4 pefers to fraction set A and B
b calculated from linear portion of dose response curves
€ Colonies/mg x per cent extracted
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Figure 1. mutagenicity of coal hydrogenation sample POU-9 foxr Salmonella

typhisurius strain TA98. The solid lines the least squares
line for thess dsta, n = 97, r = 0,9259,
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INTRODUCTION

Development of coal upgrading processes such as gasification and lique-
faction must be continued because of the long-term uncertainty in the availa-
bility of petroleum resources. Identification of components and investigation
of the environmental effects of coal-derived products produced in these
upgrading processes are required. Although numerous studies describing the
identification and characterization of polycyclic aromatic hydrocarbons
(PAH) and polycyclic aromatic compounds (PAC) containing a single heteroatom
have been reported, PAC containing more than one heteroatom have been only
tentatively identified until recently. In the last year, many new PAC
containing two heteroatoms in a solvent-refined coal liquid were positively
identified using capillary column gas chromatography. These compounds
include hydroxylated thiophenic compounds (1), aminodibenzothiophenes (2),
hydroxylated nitrogen heterocycles (3), azathiophenic compounds (4), and
amino-substituted nitrogen heterocycles (5). In this paper, the analytical
methods for the identification of trace amounts of PAC containing two hetero-
atoms in complex coal-derived materials are reviewed. The structural charac-
teristics of the PAC formed in a solvent-refined coal liquid and a coal tar
were compared, and standard compounds were synthesized for verification of
identifications and for mutagenicity testing.

EXPERIMENTAL

A solvent-refined coal heavy distillate (SRC II HD: 260-450°C boiling
point range) was obtained from the Fort Lewis, Washington, pilot plant
(operated by the Pittsburg & Midway Coal Mining Co.). A coal tar was obtained
from the National Bureau of Standards, Washington, DC. This was a medium
crude coke oven tar. Standard compounds were obtained commercially or
synthesized by us (6).

The SRC II HD material and coal tar were fractionated into chemical
classes by adsorption chromatography on neutral alumina and silicic acid (3,
7). The third (A-3) and fourth (A-4) alumina column fractions which were
composed of the nitrogen- and hydroxy-containing PAC, respectively; the second
(S-2) and third (S-3) silicic acid column fractions from the A-3 fraction
which were composed of the amino- and tertiary nitrogen-containing PAC,
respectively; and the second ($-2‘) silicic acid column fraction from the A-4
fraction which was composed of hydroxy nitrogen-containing PAC were analyzed
in this study.
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Hewlett-Packard Model 5880 gas chromatographs equipped with flame
ionization (FID), sulfur-selective flame photometric (FPD), nitrogen-selective
thermionic (NPD), and Ni electron capture (ECD) detectors were used in this
study. The capillary columns were prepared by coating 10-20 m x 0.2 or 0.3 mm
i.d. fused silica tubing (Hewlett-Packard, Avondale, PA) with SE-54, a 25%
biphenyl polymethylsiloxane (8,9), or a smectic liquid-crystalline poly-
methylsiloxane stationary phase (10-13) (0.25 um film thicknesses). A
Hewlett Packard Model 5982A GC-MS system was used to obtain mass spectral
confirmation of identified compounds. The Ames mutagenicity assays were
performed as described by Ames et _al, (14) with minor modifications.

RESULTS AND DISCUSSION

The chemical complexities typically associated with coal-derived products
require stationary phase selectivity in addition to high efficiency for their
analysis by capillary column gas chromatography. We have recently synthesized
a new polarizable stationary phase, a biphenyl polysiloxane (8,9), and
several liquid-crystalline polysiloxanes (10-13) for the analysis of PAC. The
biphenyl polysiloxane provided unique selectivity for the polar amino- and
hydroxy-substituted nitrogen and sulfur heterocycles. The polar substituent
groups on the PAC interact with the m-electron cloud of the biphenyl group.
Blocking of polar groups is sometimes recommended for strongly polar
compounds. Blocking of the polar group leads to a decrease in the dipole-
induced dipole interactions between solutes and the stationary phase. This
"softer" interaction often results in improved resolution. All isomers of the
hydroxydibenzothiophenes in the coal tar were resolved and identified using a
25% substituted biphenyl phase (Figure 1) after blocking of the hydroxyl
group. In comparison, only the 1- and 2-hydroxydibenzothiophenes were
detected in the SRC II HD. Similarly, improved resolution was observed for
the pentafluoropropyl (PFP) derivatives of the alkylated aminodibenzothio-
phenes (2). The large retention differences between the original polar
compounds and their derivatives gave complementary evidence for their iden-
tification (1,2).

The separations achieved on liquid-crystalline stationary phases is based
on the molecular geometries of solutes, such as size, shape, and planarity, in
addition to other factors associated with conventional stationary phases.
Positive identifications of the hydroxylated thiophenic compounds were
achieved using both a smectic liquid-crystalline stationary phase and the 25%
biphenyl stationary phase (1). This liquid-crystalline phase was also used
for the separation of isomeric PAR (15), sulfur heterocycles (16), and
amino-PAH (5).

Approximate concentrations of the amino- and hydroxy-substituted nitrogen
and sulfur heterocycles were estimated to be 1-10 ppm in the SRC II HD. In
comparison, corresponding PAC containing only one heteroatom were present at
approximately 100-1000 ppm, and PAH were found to be present at 0.1-5% in the
same sample (17). The amino- and hydroxy-substituted heterocycles were
identified at low levels by utilizing selective detectors during the analysis
of fractions in which one of the two functional groups was enriched: FPD for
the nitrogen heterocycles and amino-PAC fraction, FPD for the hydroxyl-PAC
fractions, ECD for the tertiary nitrogen PAC fraction, and NPD for the
hydroxyl and nitrogen-PAC fractions. Compounds were positively identified by
comparison of retention data with those of standard compounds and by selected
ion mass spectrometry. Figure 2 shows one example: the ECD chromatogram of
the PFP-derivatized SRC II HD S§-3 fraction., This chromatogram shows only the
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PFP-amide and tertiary nitrogen-containing compounds; the aminophenylpyri-
dines, aminophenylquinolines, and thelr alkylated derivatives were identified
by GG-MS.

All isomers of the aminodibenzothlophenes and the azadibenzothiophenes
were assayed for mutagenicity using the Ames test (2,4). The 2- and 3-amino-
dibenzothiophenes were strongly mutagenic, and their average response was ten
to one hundred times greater than the average response of benzo[a]pyrene,
while all isomers of the azadibenzothiophenes were inactive. Recently, the
microbial mutagenicities of numerous isomeric 3- to 5-ring sulfur heterocycles
have been extensively studied (18-20). The presence of a sulfur heteroatom
was found to have little effect on mutagenicity. Likewise, compounds contain-
ing both nitrogen and sulfur hetercatoms in the rings also demonstrated
little mutagenic activity.

Representative PAC structures found in the SRC II HD and the coal tar
containing one heteroatom and two heteroatoms are given in Tables 1 and 2,
respectively. It is thought that the major reason for the difference between
the two samples was auto-catalytic mild hydrogenation in the SRC II process.
This would explain the difference in abundance of the amino compounds
hydroxyl PAC, sulfur heterocycles with fusion on only one side of the
thiophene ring, 4H-benzo[def]carbazole, etc. The amino and hydroxyl groups
in the SRC II HD are thought to be derived from nitrogen and oxygen hetero-
cycles by hydrogenation. The 2- and 3-ring amino-PAH in the SRC II HD were
the major components of the amino-PAH fraction, while only the aminonaphtha-
lenes were detected in the coal tar, and then only at a low level (5).
Likewise, the aminodibenzothiophenes in the SRC II HD were present as major
components, but only the azathiophenic compounds were present in the coal tar
(4). Also, the hydroxyphenylthiophenes and the hydroxyphenylbenzothiophenes
were more abundant than the hydroxybenzothiophenes and hydroxydibenzothio-
phenes in the SRC II HD (1). On the other hand, only the hydroxybenzo-
thiophenes and hydroxydibenzothiophenes were present in the coal tar. Figures
3 and 4 show chromatograms of the hydroxyl nitrogen-PAC fractions of both
samples. Marked abundances of the hydrogenated compounds, i.e. hydroxyphenyl-
pyridines, was noticeable in the SRC I1 HD.

Structural similarities between the heteroatom-containing PAC and the PAH
were found. Structures of the PAC containing two heteroatoms were similar to
those of the PAC containing one heteroatom, and the structures of the PAG
containing one heterocatom reflect the parent PAH structures. The
relationships between structure and abundance for these compounds are
discussed in detail elsewhere (17).
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fraction on a 25% biphenyl polysiloxane stationary phase.
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Figure 2. ECD chromatogram of the SRC II HD $-3 PFP derivatized fraction_on
SE-54. Conditions: temperature program from 70°C to 100°C at 10°C min™",
after an initial 2-min isothermal

then from 100°C to 265°C at 4°C min~
period; helium carrier gas at 50 cm s~
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polysiloxane scacionarir phase. Conditions: temperature program from 40°C
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Figure 4. FID chromatogram of the coal tar S-2' fraction on SE-54.
Conditions: temperature program from 70°C to 100°C at 10°C min'l, then
from 100°C to 265°C at 4°C min"l, after an initial 2-min isothermal
period; hydrogen carrier gas at 100 cm s°L,
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Table 1. Comparison of the PAC containing one heteroatom identified in the
SRC II coal 1liquid and the coal tar.

PASH N-PAC HPAH
2-PANH APAH 3-PANH
Coaltar | SRc 1 |[Coal tar | SRC 1 | Coal tar | sRc n | Coal tar| SRC M | Coal tar| SRC Il
o | - [&-| - | - loerl o] - - | oo
C&b & (I? - - OO ':E;T/O - cé}’ -
Table 2. Comparison of the PAC containing two heteroatoms identified in the

the SRC II coal liquid and the coal tar.

PANSH / APASH HPASH HPANH
Coal tar | SRC Il |Coal tar | SRCH |[Coal tar | SRC I
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Classes of Compounds Responsible for Mutagenic and Cytotoxic Activity in
Tars and 011s Formed During Low BTU Gasification of Coal

R.F. Henderson, W.E. Bechtold, J.M. Benson, G.J. Newton, R.L. Hanson,
A.L. Brooks, J.S. Dutcher, R.E. Royer, and C.H. Hobbs

Lovelace Inhalation Toxicology Research Institute
P.0. Box 5890, Albuquerque, NM 87185

Summary

The Lovelace Inhalation Toxicology Research Institute (ITRI), in
cooperation with the Morgantown Energy Technology Center (METC), has completed
toxicity screening of vapors, 1iquids and solids formed during operation of an
experimental pressurized, stirred-bed, coal gasifier at METC. Vapors
collected from the cooled process stream on Tenax resins had no mutagenic
activity in the Ames Salmonella assay. Dichloromethane extracts of 1iquids
and solids collected from the effluent or process streams were fractionated by
gel chromatography into fractions containing mostly aliphatic compounds;
neutral polycyclic aromatic hydrocarbons (PAH); polar PAH and heterocyclic
compounds; and salts. The polar fraction was partitioned into acids, bases,
water soluble compounds and phenols. Bacterial mutagenic activity was highest
in the basic fraction with additiona) activity in the neutral PAHs. Highest
cytotoxicity toward both the bacteria and canine alveolar macrophages was in
the phenolic fraction. Treatment of the gasifier tars by nitrosation or by
acetylation to remove primary aromatic amines (PAA) reduced the bacterial
mutagenicity by 50-60%, indicating that some, but not all, of the mutagenicity
was due to PAA.

Introduction

The Lovelace Inhalatfon Toxicology Research Institute (ITRI), working in
cooperation with the Morgantown Energy Technology Center (METC), has completed
studies to obtain information on the possible inhalation toxicity of airborne
effluents associated with low BTU coal gasification (1-4). Such information
is needed to enable an improved assessment of potential health risks to man
arising from this technology.

The METC coal gasifier is an experimental pressurized, stirred-bed coal
gasifier (Figure 1) and differs from commercial fixed-bed producers in its
smaller size (1.1 m ID) and its provisions for stirring the bed. The gasifier
uses a Lurgi process for low BTU coal gasification using heat, air, steam and
coal. The gas cleanup devices are experimental and evolving and are designed
to produce a low BTU gas suitable for use in combined cycles with turbines.

The main process stream cleanup devices in use at the time of this
research program included a cyclone to remove dust; a humidifier, tar trap and
Venturi scrubber to remove tar; a muffler and a flare. Other cleanup devices
indicated in Figure 1 were bypassed during sampling periods for this project.
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Experimental

Sampling

vapors, 1iquids, and solids were sampled from both the process and
effluent streams. The process stream was sampled at points A, B, C, D, and E
(Figure 1) using two sampling systems. An analytical system extracted cooled,
diluted process stream material and measured the concentration (by filters),
the size of aerosols (by cascade impactors) and the concentration of vapors
(by adsorption on Tenax traps). Condensor traps were used to collect larger
samples of tars and oils. In addition to the process stream material, bulk
quantities of bottom ash from the gasifier, dust from the cyclone, and tar
from the humidifier, tar trap and Venturi scrubber were collected.

Fractionation of Tars and 0ils

Tars from the tar scrubbing devices and condensed oils from the process
stream were fractionated on Sephadex LH-20 gel columns using tetrahydrofuran
(THF) to elute separate fractions containing, 1) mainly aliphatic and
polymeric material (F1, F2); 2) neutral polyaromatic hydrocarbons (PAH) (F3,
F4); and 3) polar compounds including nitrogen heterocyclic compounds and PAH
with polar fractional groups (F5) (See Figure 2). The polar fraction was
subfractionated into acidic, basic and neutral components.

Mutagenicity Testing

The potential mutagenicity of each subfraction was assessed using the
Ames Salmonella bacterial mutagenicity assay, using strain TA-98 (detects
frame-shift mutations) both with and without addition of liver metabolizing
enzymes (S-9). Cytotoxicity toward the bacterial cells and toward canine
alveolar macrophages was also measured.

Effect of Removal of Primary Aromatic Amines (PAA) on Mutagenicity

To determine the contribution of PAA to the mutagenic activity of
gasifier tar, the PAA were removed by nitrosation at pH 2.5 or by
acetylation. Several PAA, one aza-arene and a coal ofil sample from the Fossil
Fuels Research Matrix Porgram, Oak Ridge National Laboratory, were included as
control samples. The treated samples were then re-tested for mutagenic
activity.

Results

The vapor phase material collected on Tenax traps did not have mutagenic
activity in the bacterial mutagenicity assay used. A1l tar and oil samples
collected from the process or potential effluent streams had mutagenic
activity when S-9 metabolizing enzymes were included. The subfractions
showing the most activity were the neutral PAH (F3, F4) and the polar fraction
(F5) in both process stream samples and the potential effluent material
(Tables 1, 2, 3). The basic and neutral portions of the polar fraction had
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Figure 1. Schematic diagram of the METC low Btu coal gasifier and cleanup system.
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Figure 2. Elution profiles of compounds from Sephadex LH-20 column using tetrahydro-
furan (THF) as eluant. The lines for each compound indicate the volume of
THF in which the compounds eluted. The dot indicates the center of the
elution peak.
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TABLE 1

Mutagenic Activity of Process Stream Samples

and their Sephadex LH-20 Fractions

Revertants
per L

Process Stream

50,000

1,600
1,900
17,000
6,200
17,000
1,100

9,700

700
900
1,900
1,600
80

2,200

10
70
200
200
400
25

Revertantsb
Mass? per ug MutagenicityC
Fraction Percent (with S-9) Percent
Position B -- Raw Gas
Crude 100.0 6.7 + 0.6 100
LH-20 Fraction
1 21.8 0.7 +0.2 3
2 6.5 2.8 +0.3 3
3 21.8 10.4 + 1.1 39
4 16.7 5.0 + 0.6 14
5 21.17 10.4 + 1.0 38
6 5.5 2.8 + 0.2 3
Position D —— After Tar Trap
Crude 100.0 3.7 +0.2 100
LH-20 Fraction
1 35.4 0.0 0
2 8.4 3.2 + 0.4 14
3 18.6 1.9 + 0.6 18
4 15.6 4.5 + 0.4 35
5 15.3 4.1 + 0.2 31
6 6.7 0.5 + 0.3 2
Position £ _-- After Venturi Scrubber
Crude 100.0 4.1 + 0.3 100
LH-20 Fraction
1 7.0 0.2 +0.2 0
2 5.0 2.8 +0.4 6
3 23.0 1.8 + 0.3 24
4 14.0 2.3 +0.4 18
5 29.0 2.9 +0.2 49
6 21.0 0.2 +0.2 3
a9 Mass percent of material fractionated.
b TA-98 revertants/ug determined from sliope of dose-response curve by linear
regression analysis.
¢

contributes to the crude material.
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TABLE 2

Mutagenic Activity of Process Stream LH-20

Fractions 5 and their Subfractions

RevertantsP
Massd per ug
Fraction Percent with S-9
Position B -- Raw Gas
LH-20 Fraction 5 21.7 9.7 + 0.5
Acids 0.9 1.0 + 0.5
Bases 4.1 5.5+ 1.0
Neutrals 1.6 46.7 + 2.6
Amphoterics -
Water solubles 15.2 Not tested
Position D -- After Tar Trap
LH-20 Fraction § 15.3 2.1 +0.2
Acids 0.03 0.4 + 0.1
Bases 3.8 4.2 + 0.4
Neutrals 4.6 5.2+£0.3
Amphoterics -~
Water solubles 6.6 Not tested
Position E -- After Venturi Scrubber
LH-20 Fraction 5 29.0 2.3 +£0.3
Acids 0.7 0.0
Bases 1.6 12.4 + 0.7
Neutrals 2.1 2.2 + 0.2
Amphoterics -
Water solubles 24.6 Not tested
g Mass percent of material fractionated.

regression analysis.

Mutagenicity®
__Percent

100

20
79

100

50
50

100

83
17

TA-98 revertants/ug determined from slope of dose-response curve by linear

€ Mutagenicity percent is the percent of the mutagenicity each fraction

contributes to the crude material.
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TABLE 3

Mutagenic Activity of Tar Trap Tar and Venturi Scrubber Water
and their LH-20 Fractions

Massd
Fraction Percent
Position B -- Raw Gas
Tar Trap Tar 100
LH-20 Fraction
1 16
2 18
3 34
4 14
5 14
6 3
Venturi Scrubber
Inlet Water
Lyophilized (50m1) 100

Venturi Scrubber
Outlet Water
Lyophilized (50m1) 100

OQutlet Water

Dicholormethane-

Solubles (0.07%) 100

LH-20 Fraction
1 6
2 2
3 3
4 5
5 75
6 10

o o)

regression analysis.

TA-98 Revertantsb Mutagenicity¢
per ug (with S-9) Percent
21.6 + 1.8 100
2.9 + 0.2 2
2.9 + 0.5 2
2.5+ 0.8 3
107.0 + 49.1 60
56.6 + 8.0 32
10.2 + 0.5 1
0.0 0
1.14 + 0.06 100
0.72 + (0.18) 100
0.8 +0.2 7
1.1 + 0.3 3
1.7 + 0.3 7
1.8+ 0.4 13
0.6 + 0.2 64
0.4 +0.2 6

Mass percent of material fractionated.
TA-98 revertants/ug determined from slope of

dose-response curve by linear

€ Mutagenicity percent is the percent of the mutagenicity each subfraction

contributes to the total.
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the greatest mutagenicity (Table 2). Nitrosation or acetylation of the
tar-trap tar removed some ( 50-60%) of the mutagenic activity (Table 4) but
not as much as was removed by similar treatment of a coal oil.

The most cytotoxic fractions of the coals and tars were the polar
fractions containing phenols.

Discussion

Tars and oils produced during a low BTU coal gasification process were
mutagenic toward Salmonella bacteria. The mutagenic activity could be
attributed to PAH and to neutal and basic compounds in the polar fraction. In
contrast to coal 1liquids, in which most of the mutagenic activity has been
attributed to PAA (5), the mutagenic activity of the tars was reduced by only
approximately one-half after treatment to remove PAA.
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Mutagenic

Chemical

2-Aminoanthracene
3-Aminofluoranthene
2-Amingfluorene
6-Aminochrysene
9-Aminophenanthrene
Phenathridine

Coal oil A3

Tar trap tar

a

TABLE 4

Activity Remaining After Treatment
(%)

Nitrosation

1

OWOoOOoOm

100
9
39
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Acetylation

7
20
21

6

0
86
30
52

Obtained as a comparative research material from the Fossil Fuels Research
Matrix Program, 0ak Ridge National Laboratory.
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ABSTRACT

Photomutagens (chemicals that enhance the mutagenicity of near
UV-visible radiation) have been detected in a variety of experimen-
tal coal- and oil shale-derived synthetic fuels using S.tx%himurium
strain TA98 and fluorescent light. In this study, phofomufagenic
activity was measured among synfuel samples that included crude and
hydrotreated shale oll, coal oil distillation fractions, and chemi-
cal class fractions of coal and shale olls. Photomutagenic activity
was found to increase with increasing boiling point and was concen-
trated in fractions enriched in neutral polycyclic aromatic hydro-
carbons (PAH). These results point to high molecular weight neutral
PAH constituents as Important photomutagenic components among the
samples tested. The photomutagenic activities of the materials tes-
ted correlate well with the previously reported tumorigenic activi-
ties of the same samples on mouse skin but correlate poorly with the
previously reported mutagenic activities in the conventional Salmon-
ella/mammalian-microsome mutagenicity test in which neutral PAH
fractions were inactive.

INTRODUCTION

A need currently exists for developing alternative energy tech-
nologies such as producing petroleum substitutes from coal and oil
shale. However, the elevated risk for skin cancers seen among past
coal and shale oil production and maintenance workers (1,2) points
to a potential problem that must be addressed by the developlng syn-
thetic fuels technologles. The hazards assoclated with synfuel pro-
cesses and materials should be ildentified and minimized prior to
commerclal production. Accurate toxicological data 1s, therefore,
needed for risk assessment purposes. In addition, inexpensive and
rapid tests that can predict tumor initiating, tumor promoting,
co-carclinogenlic and anticarclnogenic activities among synfuel sam-
ples are needed due to the potentially large number of feedstocks,
conversion processes and process streams.

The S. typhimurium histidine reversion bioassay (the Ames as-
say) (3,4) uf%gizing straln TA98 and a rat liver enzyme preparation
has been only partially successful as a short-term bloassay for de-
tecting tumor initlators and/or complete carclnogens in synfuels as
mutagens. Although positive correlations between the microbial mu-
tagenicity and the relative tumor initlating capacity of synfuels
and related materials have been observed (5,6), "false negatives"”
have been reported. For example, a hydrotreated Paraho shale oll
has been reported to be carcinogenic (7-10) but not mutagenic
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(9-12). Microbial mutagens and carcinogens have both been reported
to be concentrated in the highest boiling distillation fractions
from synthetic fuels (5, 12-19). However, the microbial mutageni-
city of synfuel chemical class fractions has been found to reside
primarily in fractions enriched in amino-substituted polycyclic aro-
matic compounds (20,21). Neutral polycyclic aromatic hydrocar-
bon-enriched synfuel fractions, which have shown relatively high
carcinogenic activity, have demonstrated little or no microbial mu-
tagenicity (17,22). Based upon these latter results, Holland et.
al. (22) have suggested that with synfuels, the "apparent correla-
TTon between Ames mutagenicity and mammalian skin tumorgenicity may
be due to the coincidental occurrence of two dissimilar classes of
molecules.”

Coal- and shale-derived liguids have been known to possess
potent phototoxic properties for many years (i.e., they enhance the
lethality of non-ionizing radiation) (23). 1In addition, a positive
correlation has been reported to exist between the phototoxic and
carcinogenic activities of polycyclic aromatic compounds (24-27).
More recently, a number of synfuel materials have been shown to pos-
sess photomutagenic activity, i.e., the ability to enhance the muta-
genicity of non-ionizing radiation (11,28-34). However, the signi-
ficance of this photomutagenic activity towards potential occupa-
tional hazards and the role of photomutagens in effects seen in mam-
mals are not yet clear. 1In an effort to determine the chemical na-
ture of photomutagens in synthetic fuels and to determine the rela-
tionship between photomutagenic and carcinogenic activities, we have
begun testing synfuel fractions (isolated based upon boiling point
and chemical class) that have been chemically characterized and tes-
ted for skin tumor initiating capacity. We report here our progress
to date and preliminary conclusions.

MATERIALS AND METHODS

Samples

Samples included coal-derived materials from the Solvent Re-
fined Coal-I (SRC-I) and SRC-II processes. An SRC-II blend of recy-
cle process solvent and atmospheric flash column bottoms was col-
lected at the Harmarville, PA process development unit and was dis-
tilled by Gulf Science and Technology Co. into the following boiling
point cuts (9F): 300-700, 700-750, 750-800, 800-850, and 850+.

An SRC-I process solvent was collected from the Wilsonville, AL pi-
lot plant operated by Catalytic, Inc. and Southern Company Services
and was distilled by Air Products, Inc. (Linwood, PA) into boiling
point cuts which included an 8009F+ cut, the only SRC-I cut used
in this study. (Sample descriptions are summarized in ref. 17).

A crude Paraho shale oil and a hydrotreated Paraho shale o0il
were obtained from the Oak Ridge National Laboratory Synfuels Re-
search Materials Repository (Repository ref. # 4601 and 4602, res-
pectively). The crude shale oil was produced by the Paraho Develop-
ment Corp. at Anvil Points, CO and hydrotreated at Sohio's Toledo
(0H) refinery. The densities of these samples are reported to be
0.917 g/ml (crude) and 0.842 g/ml (hydrotreated) (44). A more com-
plete description of the shale oil samples is available in ref. 35.

The coal oil and shale o0il samples were acquired from pilot
plant or process development unit test facilities and should not



necessarily be considered to be representative of synthetic fuel ma-
terials that may eventually be produced at commerclal-scale facili-
ties.

Chemical Class Separation

The hydrotreated Paraho shale oil sample was chemically frac-
tionated prior to bioassay using the procedure of Later et al.
(36). The separation procedure involved adsorption of approximately
0.1-0.2 g of sample onto 3 g of neutral alumina, packing the alumina
onto 6 g of fresh alumina, and successive elution with hexane (frac-
tion Al), benzene (A2), chloroform:ethanol (99:1)(A3) and 10% ethan-
ol in tetrahydrofuran (A4) to give fractions enriched in aliphatic
hydrocarbons, polycyclic aromatic hydrocarbons (PAH), nitrogen-con-
taining polycyclic aromatic compounds (NPAC) and hydroxy-substituted
polycyclic aromatic compounds (HPAC), respectively. The coal-de-
rived samples were fractionated using a slightly modified procedure
which has been routinely used at Pacific Northwest Laboratory to
generate fractions for chemical and biological analysis. The alum-
ina was activated by storing at 1500C, the water content of the
alumina was maintained at approximately 1.5% and methanol replaced
ethanol:tetrahydrofuran as the final eluent. Also, the sample-ad-
sorbed (3g) and fresh alumina (11g) were solvent-packed with hexane
(37,38). It should be noted that oxygen and sulfur heterocyclic
compounds elute primarily with the neutral PAH-enriched fraction
(A2) using these procedures (36).

Preparation of Samples for Photomutagenicity Testing

Synfuel samples were diluted and mixed in DMSO (Sigma, Grade 1)
prior to bioassay. Most of the materials tested, including the
A2-R4 chemical class fractions, were completely soluble in DMSO;
however, when some of the coal o0il distillate cuts were diluted in
DMS0O, a small amount of insoluble material was observed. A consid-
erable portion of the crude and hydrotreated shale oils appeared to
be DMSO-insoluble. 1In all cases the DMSO-insoluble components had
the same appearance (waxy, aggregating particles) as the aliphatic
hydrocarbon fractions (Al) diluted in DMSO. The insoluble materials
present in the DMSO preparations of the SRC crude distillate cut ma-
terials and the shale oils were assumed to be the aliphatic hydro-
carbon components. The aliphatic hydrocarbon fraction weight per-
cent compositions of the SRC-1I 300-7000F, 700-7500F,
750-8000F, 800-8500F and 8500F+ distillates have been reported
to be 32, 15, 15, 4 and 2%, respectively (39). The crude and hydro-
treated Paraho shale oils have been reported to contain 45 and 16%
DMSO-extractable material, respectively (29). An aqueous solution
of an aliphatic hydrocarbon-enriched (Al) fraction was prepared us-
ing the detergent Tween 80 (Sigma) and methods previously described
(40-42). 1In brief, an aqueous preparation was made with the Al
fraction at 2 mg/ml and 20% (v/v) Tween 80 in distilled water. Bac-
terial suspensions were exposed to the test substances by adding 0.1
ml of the aqueous or DMSO preparation to 3.9 ml of bacterial suspen-
sion, giving final treatment concentrations of either 2.5% DMSO
(v/v) or 0.5% Tween 80 (v/v). In treatments with DMSO preparations
having an insoluble aliphatic hydrocarbon component, the actual oil
concentration in solution would be reduced in proportion to the
amount of DMSO-insoluble (aliphatic) material present.




Biogassay

Photomutation assay procedures were performed essentially as
described previously (11) and were slight modifications of the meth-
od of Ames et al. (3) and Maron and Ames (4). Suspensions of Salmon-
ella containing 1-2x10% cells/ml in phosphate buffer (0.1 M, pH
7.4) were untreated or treated with 1) fluorescent radiation, 2)
test substance (in the dark), or 3) fluorescent radiation and test
substance, concurrently. Fluorescent radiation was from General
Electric and Philips (Westinghouse) 15 Watt cool white fluorescent
tubes with an irradiance to the suspensions of 18 W/m2. (The ir-
radiance was 17 W/m2 in tests of the unfractionated shale oils.)
Following predetermined durations of exposure to test substance
and/or radiation, 0.1 ml volumes of treated suspensions were removed
for measurements of mutation (as reversion to histidine prototrophy)
or survival. Histidine reversion was measured using the plate in-
corporation method (3) with top agar supplemented with 0.1 ml of nu-
trient broth and insufficient histidine for growth of non-revertants
to macroscopic colonies. Survival was measured following dilution
in nutrient broth by plating 0.1 ml volumes using the plate incor-
poration method (3) with top agar supplemented with 0.15 ml of 0.1 M
histidine HC1 (Sigma). Strain TA98 was used in all experiments.

The Salmonella/mammalian-microsome test procedure of Ames et.
al. (3) and Maron and Ames (4) was used with minor modifications as
described in ref. 33. Strain TA98 was used in all experiments.

Revertant and surviving colonies were counted following 2-3
days incubation at 37.59C. The spontaneous number of rever-
tants/plate observed in the absence of treatment was subtracted from
revertant/plate values observed on mutation assay plates to give
corrected revertant/plate values for each treatment. Based upon the
number of corrected revertants/plate and the corresponding number of
survivors for each treatment, the mutation frequency response (in
revertants/10% survivors) was calculated by the method of Green
and Muriel (43). The mutation frequency response to fluorescent
light (in the absence of test substance) was subtracted from the mu-
tation frequency responses to light and test substances to give the
corrected revertants/109 survivaors (plotted in the text figures).
Text Figures 2 and 3 and Tables 1 and 2 give means and standard de-
viations for values obtained from multiple, indpendent experiments
(where they can be plotted).

RESULTS

Effect of Hydrotreatment on the Mutagenicity of Shale 0il

Crude and hydrotreated Paraho shale oil samples were tested for
mutagenicity 1) in the Salmonella/mammalian-microsome test and 2) in
the photomutation assay. When the parent crude and hydrotreated
oils were tested in the Salmonella/mammalian-microsome test in the
absence of microsomal enzymes and in the photomutation assay in the
absence of light, mutagenic responses to the oils were not detected;
direct-acting mutagens were not detected in either oil. When the
oils were tested using a microsomal enzyme preparation (S9), the re-
sults shown in Figure 1 were obtained. These results (Fig. 1) are
in agreement with other studies (9-10,12) in showing that the crude
Paraho shale oil is mutagenic and the hydrotreated shale oil is not
detectably mutagenic towards Salmonella when tested in the presence
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of rat liver microsomal enzymes (i.e., the Ames assay). Slope val-
ues (revertants/ug) for the responses shown in Figure 1 were calcu-
lated using data from initial linear regions of dose-response curves
and are given in Table 1 (in the "Ames assay"™ column).

The photomutagenic responses of Salmonella suspensions to
fluorescent light plus either the crude shale o0il or the hydrotreat-
ed product oil are shown in Figure 2. The shale oils were tested at
several concentrations and the mutation frequency responses are
plotted in Figure 2 as a function of the product of shale oil con-
centration times duration of irradiation. The apparent dependency
of the photomutagenic responses on the product of oil concentration
times light exposure demonstrates a form of "reciprocity” of o0il and
light doses on the photomutagenic response, a phenomenon observed
previously with an Eastern U.S. shale oil sample (34). The re-
sponses shown in Figure 2 were normalized to reflect the response to
100 ug/ml and slope values for linear fits of the mutation frequency
responses as a function of minutes irradiated are given in Table 1.
Based upon these slope values, hydrotreatment reduced photomutagen-
icity by approximately 78%.

Photomutagenicity of Hydrotreated Paraho Shale 0il Chemical Class
Fractions

Column chromatography of the hydrotreated Paraho shale oil on
neutral alumina (as described in refs. 36-38) yielded fractions
termed Al, A2, A3 and A4 which were enriched in aliphatic hydrocar-
bons, neutral polycyclic aromatic hydrocarbons (PAH), nitrogen-con-
taining polycyclic aromatic compounds (NPAC), and hydroxy-substitu-
ted PAC (HPAC) respectively. Fractions from several chemical class
fractionations were bioassayed; the total recovery of material elu-
ted by alumina column chromatography was > 84%. The percentage of
the original material recovered in each fraction was: Al, 70-71%;
A2, 10-11%; A3, 1%; and A4, 2-10%. (Values represent the range of
recoveries from multiple determinations.) These results are in rea-
sonably good agreement with values reported for a different separa-
tion procedure; i.e., 66.5% saturates, 9.8% PAH, 5.4% NPAC, 0.9% po-
lars and 82.6% total recovery (45). The differences in recoveries
of polar compounds may reflect an effect of alkyl substitutions (al-
kylation resulting in part from hydrotreatment) on chemical class
separation schemes based upon the polarity of the sample. The A2-A4
fractions were each tested for photomutagenicity using 100 ug/ml;
the mutation frequency responses are shown in Figure 3. Figure 3
shows that the A2 fraction was the most photomutagenic fraction, al-
though all three fractions were active. The recovery of fraction A4
from the shale oil was highly variable (2-10%). The photomutagenic-
ity of the A4 fraction was generally lower when the recovery of
fraction A4 was low and the data for fraction A4 plotted in Figure 3
are from an A4 fraction in which high recovery was obtained. Slope
values for mutation frequency responses as a function of minutes ir-
radiated are given in Table 1.

Photomutagenicity of Coal 0ils as a Function of Boiling Point Range

SRC-II distillation cuts having different boiling point ranges
were tested for photomutagenic activity using 50 ug/ml of each oil
(less the DMSO-insoluble component, see Materials and Methods).
Slope values for mutation frequency responses as a function of min-
utes irradiated are given in Table 2. The data show a trend towards
higher photomutagenic activity with increasing boiling point of the
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material tested. In the absence of fluorescent light irradiation,
the same SRC-II cuts were not detectably mutagenic, except the
800-8500F cut, which gave responses that were suggestive of a very
low level of direct-acting (non-photosensitized) mutagenic activi-
ty. Treatment with 100 ug/ml of the B00-8500 cut for two hours in
the dark resulted in 34 revertants per plate above background.

Photomutagenicity of Coal 0il Chemical Class Fractions

The SRC-II B800-8500 distillation cut was also separated into
chemical class fractions by column chromatography on neutral alumi-
na. Fractions from several separations were bioassayed; in these
separations total recovery was 2 98%. The percentage of the origin-
al material recovered in each fraction was: Al, 3-4%; A2, 54-55%;
A3, 23-25%; and A4, 17%; values that are in reasonable agreement
with previously reported values (17,39,46). fractions were prepared
for bioassay as soglutions in DMSO except fraction Al, which was in-
soluble in DMSO and was prepared as a DMSO "slurry" and as an aque-
ous solution with Tween B80. The slope values representing the muta-
tion frequency response to fractions Al-A4 as a function of minutes
irradiated are given in Table 2. The A2 fraction was clearly the
most photomutagenic fraction; the A3 fraction was also photomutagen-
ic, but the Al fraction was inactive when tested either as a DMSO
slurry or as an aqueous preparation with Tween 80. The A4 fraction
was only slightly active or inactive. The SRC-II Al-A4 fractions
were not detectably mutagenic when tested in the dark, except frac-
tion A3, which induced 34 revertants per plate above background fol-
lowing two hours of exposure.

An SRC-I 8000+ distillate was also separated into fractions
Al-A4; however, only the A2 fraction was soluble in the bioassay
system. The A2 fraction was tested in a preliminary experiment
(data not shown) and found to have no detectable mutagenicity in the
dark; however, in the presence of light the A2 fraction was highly
photomutagenic, showing a level of activity similar to that induced
by the A2 ‘fraction of the SRC-II B800-8500 cut (Table 2).

DISCUSSION

Although a relatively limited number of samples have been tes-
ted, our data suggest that high boiling point components in the PAH-
enriched fraction are the determinant chemical photomutagen(s) in
synthetic fuels. Substantial photomutagenicity was also measured in
coal oil and shale o0il NPAC fractions and the HPAC shale o0il frac-
tion. The HPAC and aliphatic hydrocarbon fractions isolated from
the SRC materials were relatively inactive. Strniste et. al. (31)
has reported similar results in which essentially all The photomuta-
gens (measured using cultured mammalian cells) present in a shale
o0il retort by-product water partitioned into a base- and neutral-en-
riched fraction.

Chemical analyses of PAH present in the materials tested are
available in the literature (e.g., 17,18,45). Numerous PAH have
been identified among the samples tested, including a variety of
four- and five-ring compounds and alkyl derivatives thereof, and
carcinogens such as benzo{a)anthracene, methylchrysenes, benzofluor-
anthenes and benzo(a)pyrene. It is not yet known which compounds
present in the PAH fractions were responsible for photomutagenic ac-
tivity. Benzo(a)pyrene has been reported to be photomutagenic in
cultured mammalian cells (32) and UV radiation can enhance (and
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inhibit) the carcinogenic response of mammalian cells to benzo(a)-
pyrene (47). The occurrence of carcinogens and mutagens such as
benzo(a)pyrene in samples that were not mutagenic with enzyme acti-
vation (SRC-II 800-8500 A2 fraction, SRC-I 800°+ A2 fraction,
hydrotreated Paraho shale oil, see Tables 1 and 2) suggests the
presence of antimutagens in these samples. Haugen and Peak (48)
have shown that undefined components can inhibit the microsomal en-
zyme activation of mutagens in coal liquids. Some heteroatomic com-
pounds can also be expected to be present in the A2 fractions. For
example, an SRC-II heavy distillate (from which the 800-8500F cut
was in part derived) has been shown to contain three and four ring
thiophene analogs, as well as dibenzofuran and methyldibenzofuran
(30). Nitrogen heterocyclics identified in the hydrotreated Paraho
shale oil include alkylated and unsubstituted carbazoles, benzocar-
bazole(s), and azapyrene(s) (36). The NPAC fraction of the SRC-II
800-8500F cut has been reported to contain a high concentration of
benzo(a)carbazole (20.5 mg/g) and lower amounts of azapyrenes,
2-azafluoranthene, and numerous amino-substituted PAH (17).

This study was conducted in part to determine the relationship
between mutagenic and carcinogenic activities in complex mixtures
such as synthetic fuels. Tables 1 and 2 give data indicative of
carcinogenicity, photomutagenicity, and mutagenicity in the presence
of microsomal enzymes (Ames assay) for shale oil (Table 1) and coal
oil (Table 2) materials. Both the crude and hydrotreated Paraho
shale oil samples have been reported to be carcinogenic following
chronic dermal applications to mouse skin. Hydrotreatment was re-
ported to reduce but not eliminate carcinogenicity (7-10), and the
carcinogenic potencies of the crude and hydrotreated Paraho shale
oils given in Table 1 are relative to the response to benzo(a)pyrene
(8). The carcinogenic potencies of the coal oil materials given in
Table 2 were derived from chronic and/or initiation-promotion (IP)
mouse skin painting tests. The carcinogenicity results and the mu-
tagenicity with enzyme activation (i.e., Ames assay results using
strain TA98) for the coal oils (Table 2) have been normalized to
give responses relative to the response to an SRC-II heavy distil-
late, arbitrarily given a value of 100 (39).

A comparison of the carcinogenic and mutagenic activities given
in Tables 1 and 2 should be approached with caution. The data in
Tables 1 and 2 were to some degree derived by procedures that pro-
vide estimates and different analyses were apparently used to arrive
at the carcinogenicity values given for the shale oils, the SRC-II
distillates and the SRC-II 800-8500 chemical class fractions. A
cautious approach for comparing the bioassay results would be to
consider only whether a test substance produced positive or negative
results. The most obvious discrepancy between assays was observed
with the SRC-II 800-8500 A2 fraction (Table 2), which was highly
carcinogenic and highly photomutagenic but was not mutagenic with
enzyme activation. Similarly, an SRC-I 8000+ A2 fraction (not
shown in Table 2) was observed to be highly carcinogenic in the in-
itiation-promotion test (49), highly photomutagenic in a preliminary
test (see Results), but not mutagenic with enzyme activation (19).
The hydrotreated Paraho shale oil (Table 1) was also found to be po-
sitive for carcinogenicity and photomutagenicity but not mutagenic
with enzyme activation (9,10,12, Table 1), although one study (50)
reported a low level of enzyme-mediated mutagenicity (0.24 rever-
tants/ug) for this sample. "The SRC-II 300-7000 cut (Table 2)

elicited an apparently "false positive" response, being apparently



negative for carcinogenicity and photomutagenicity but positive for
enzyme-mediated mutagenicity. Another report (51) also found this
sample to be mutagenic with enzyme activation, although two others
(18,46) did not. Of the remaining samples, the crude Faraho shale
0il, the SRC-II 700-7500, 750-800°, and 800-850° cuts and the
800-8500 A3 fraction were all positive for carcinogenicity, photo-
mutagenicity, and mutagenicity with enzyme activation; the SRC-II
800-8500 Al and A4 fractions were all negative in the three bioas-
says or gave responses that were suggestive of a low level of acti-
vity.

In summary, of 11 samples that have been tested for carcinogen-
icity, photomutagenicity and enzyme-mediated mutagenicity, in 7
cases there was agreement between all three assays and in 4 cases
the photomutagenicity data was in better qualitative agreement with
carcinogenicity than were the mutagenicity data obtained using en-
zyme activation. The strong agreement between photomutagenicity and
carcinogenicity among the synfuel materials could be coincidental.
However, the agreement is sufficiently extensive to consider possi-
ble fundamental underlying relationships. It is possible that ani-
mals exposed to the synfuels were also exposed to significant
amounts of environmental radiation (such as fluorescent room light),
and the positive correlation shown in Table 2 may reflect a media-
tion of coal oil-induced tumorigenesis by photochemical processes.
Alternatively, photosensitized effects caused by chemicals such as
those present in synthetic fuels may have served as a selective
pressure for the evolution of the enzymes that degrade photosensi-
tizers and apparently have a role in FAC-induced carcinogenesis. It
is also possible that photomutagenesis and carcinogenesis by FAC
synfuel components proceed by the same mechanism(s). One possible
common mechanism could involve the participation of reactive oxygen
species such as superoxide anion, which is generated 1) by endogen-
ous cellular chromophores when irradiated with near UV light (52),
2) in human lungs in response to chronic tobacco smoke exposure
(53), and 3) possibly also in mouse skin following treatment with
synfuel materials,
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Table 1. Carcinogenicity and Mutagenicity of Shale 0Oils

Carcinogenicity® Mutagenicity

Material (chronic test) Ames? PhotomutationC
Crude Paraho Shale 0il "1/998 3.740.1 45420
Hydrotreated

Paraho Shale 0il 1/2780 -0.0004+0.0009 10+1.7
Hydrotreated A2 npd ND 48+9.0
Paraho Shale
0il Chemical A3 ND ND 39+8.2
Classes

R4 ND ND 32+7.8

aFrom ref. 8, carcinogenic potencies relative to benzo(a)pyrene.

bThis study, revertants/ug oil.

CThis study, revertants/10%9 survivors/minute irradiated, 100 ug/ml
tested or normalized to give responses to 100 ug/ml.

dND-not determined.
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Table 2. Carcinogenicity and Mutagenicity of SRC-II
Distillates and Chemical Classes

Relative Relative
Carcinogenicity Mutagenicity
Material IP9 Chronic Ames®  Photomutation®
Distillates:
Heavy distillate 100 100 100 ND
300-700°F 0 0 70 2.0 + 2.3
700-7500F 18 87 95 12 + 9.3
750-8000F 14 120 138 15 + 3.7
800-8500F 49 157 148 27 + 2.2
Chemical classes:
800-8500fraction Al 10¢ 0 1.3 + 3.8
A2 158 0 200 + 101
A3 79 700 32 + 9.2
Ag4 ---¢ 0 6.6 + 7.7

aFrom ref. 39. Values are re-
lative to heavy distillate, gi-
ven a value of 100. IP - ini-
tiation-promotion test.

DThis study, revertants/109

survivors/minute irradiated, 50 2} 5 A2
ug/ml tested. ND - not deter- & 6000[HpT Paraho —
mined. > L Shale Oil
CNot a significant response. z Fractions
b=
o0 A3
<
7
—
z
2
@ 3000
w
>
o
[i4
o
o
Figure 3. Photomutagenicity of [}
hydrotreated Paraho shale oil 4
chemical class fractions tested g
at 100 ug/ml. s}
4
% 2
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A Ranking Tool for Potentially Carcimogenic
Polynuclear Aromstic Compounds in Synfuel Products®

Tuan Vo-Dinh

Advanced Monitoring Development Group
Health and Ssfety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

This paper describes the use of a screening procedure to rank the content of
polynuclear aromatic (PNA) species in synfoel samples. The ranking procedure is
based on a cost—effective and rapid screening technique based on synchronous
lumine scence spectroscopy. The use of the screening procedure as a basis for
screening of complex mixtures will be discussed.

INTRODUCTION

An important class of organic pollutants are PNA compounds because some of them
sre known to be converted by metabolic sctivation to ultimate carcinogens (1,2).
Consequently, it is important to monitor PNA compounds in synfuel samples on a
routine basis., A variety of analytical procedures have been developed to determine
the concentrations of specific PNAa., High-performance liquid chromastogrsphy (HFLC)
and gas chromatography/mass spectrometry (GC/MS) have been used to provide detailed
analyses for a variety of PNAs in envirommental samples (3,4). In many monitoring
situastions, the oprecise determination of vsrious specific PNAs may be unnecessary
and a prescreening phase is required to reduce the cost of environmental analysis.

This presentstion describes the use of a ranking methodology that can be wused
to screen synfuel aamples for their PNA content. The technique of syanchronmous
luminescence (SL) ia applied to fluorescence snd phosphorescence messurements for
establishing a rsnking index (RI) for PNA apecies.

®Resesrch sponsored by the Office of Heslth and Environmental Research,
U.S5. Department of Energy, under contract DE-ACO5-840R21400 with Martin
Marietta Energy Systems, Inc.

By scceptance of this article, the
or i

the US. Governmant’s right to

retain a nonexclusiva, royaity -free

license in and 10 any copyright

covaring the srticle.
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EXPERIMENTAL

¢ Lunjnescence Screeni e 3

The screening procedure evaluated in this study is based on the sychronous
luminescence technique (5,6). In conventiopal luminescence spectroscopy, only one
of the twvo spectral wavelengths, Aem (emission) or Aex (excitstion), is scanmned
while the other remains fixed. For complex samples, the resulting spectra obtained
with this conventional procedure sre often poorly resolved and festureless becsnse
of the spectrel overlays of the emissjons from individuel compone=zts. However, by
scanning both Aep snd Aex synchronously with s constant interval between the two
wavelengths (Aem - dex = A)), the lminescence spectrum becomes more resolved
with sharp pesks that are more resdily identified.

The synchronous excitation technique csn be spplied both to fluorescence, i.e.,
synchronous fluorimetry (SF), and to phosphorescence, i.e., synchronous
phosphorimetry (SP). For SF, the optimum value of AA, usually set st 3 om, is
determined by the Stokes Shift, i.e., the wavelength difference betwen the 0 to O
bands in emission snd sbsorption. For SP, the optimal valuo of A\ is determined by
the singlet—triplet enorgy difference of PNA species to be monitored by room
temperature phosphorimetry (RTP) (7-9).

The RTP technigque is charscterized by the simplicity and versatility of its
methodology and conaists generslly of four steps: (1) snbstrate prepsration
(optional pretrestment with hesvy-atom salts); (2) sample delivery; (3) drying; snd
(4) spectroscopic messurement. Three microliters of sample solution were then
spotted on the paper circles using microsyringes with a volume of 3 microliters.
Since moisture can gquench the BTP emission, predrying was schieved with infrared
hesting lamps. Continued drying dnring the messurement was accomplished by blowing
wsrm, dry air through the sample compartment. Phosphorimetric measurements were
conducted with a commercisl Perkin-Elmer apectrofluorimeter (Model 43A) equipped
with a rotating phosphoroscope. Detsils on the measurement procedures have been
described elsewhere (7,9).

The presence of heavy atoms in the immediste enviromment of the molecule can
significsntly enhance the populstion of the triplet state (externsl heavy-stom
effect) snd, therefore, the phosphorescence intemsity. For PNA compounds, s lsrge
variety of hesvy stom salts such ss thslliom and lcad acetate have been found to be
very efficient in enhancing the phosphorescence quantum yields. The detection
limits for most PNA compounds investigsted csn be lowered, in some cases, by several
orders of magnitude and are in the subnsnogram rsnge. It 4is slso possible to
selectively enhsnce the phosphorescence emission of a given compound (or group of
compounds) in & complex mixture. Selective triplet emission enhsncement
considerably extends the specificity of the BTP technique in multicomponent
anslysis.

The rstionsle for ranking the samples for luminescence apectroscopy is bssed
upon the fact that the msjority of PNA species, especially the polysromatic
hydrocarbons, fluoresce and/or phosphoresce. Luminecacence is known as two of the
most eonsitive techniques to detect these compounds. Provided thst all the spectrsl
intexferences sre accounted for, the screeming procedure cam be bssed on the
principle that the higher the totsl intensity of the SL bsnds, the more concentrsted
the samples are in PNA content.
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APPLICATIONS

e ) 4 ] (] i ample

Figure 1 shows the synchronous fluorescence spectra of five synfuel products
collected at different locations of a synfuel production facility. In order to test
the capability of the rapid screening procedures, no prior attempt had been made to
analyze these samples and obtain compound-specific information about the individual
components. All of the five samples were diluted in ethanol by serial dilution
(103, 104, 105, and 106 dilution factor). A wavelength interval of AL = 3 nu was
used in the synchronoua fluoreacence measurements. With the use of the AL value,
the resulting synchronous fluorescence peaks correspond approximately to the 0,0
band emissions of most PNA compounds. The synchronous profile, therefore, is not
just a spectral fingerprint, but contains useful information about the nature and
PNA composition of the samples.

The msin relatiouship between the size of the benenoid structure of a
polyaromatic hydrocarbon and its fluorescence emission is the dependence of its 0,0
band upon the number of benzene rings (5). The wsvelength position of the 0,0 band
of a high-number, linear fused-ring size cyclic compound generally occurs at longer
wavelengths thsn that of a lower number ring-size compound.

Synchronous fluorescence measurements were conducted with the five products at
various concentrations. The results indicated that the SF profile remained
unchanged when the samples were diluted to 104 fold or less. This indicated thst
spectrsl interferences did not occur at these concentration levels for the products
investigated. Without any identification and quantification procedure, a rapid
examination of the synchronous fluorescence profiles of the five synfuel products A,
B, C, D, and E at 105 fold dilution levels can readily provide the following
conclusions (Figure 1). A rspid comparison of the SL profiles first indicatea that
product C should contain the least amount of PNA compound. The compound that
contributes to the peak at 285-290 nm in sample C is a monocyclic aromatic species
and it is also present in similar amounts in other samples (A, B, D, and E). The
intensity of the peak at about 305 nm is approximately 10-fold less intense in
asample C than in the other samples. Besides s weak shounlder at about 325 nm, no
other band was detected in sample C at wavelengths longer than 320 nm.

In order of increasing PNA content, product D is the next sample to consider.
The peak at 305 nm is about 10-fold more intense than that of sample C. A rapid
examination of the SL profile of sample A also shows that this product is similar to
product B. Product B, however, contains slightly more PNA compounds that have 0,0
bands at 346 nm, 382 nm, 402 nm, and 442 nm. Although the general structure of the
spectra for products A and D are similar, these spectral differences are still
noticeable. Finally, the synchronous profiles show that the PNA content of products
B and E are similar, These tvo samples contain more PNA compound with 3-5 rings
thsn samples A, C, and D as indicated in Figures 1b and le.

Another example of the screeming procedure by BTP is the characterization of
another series of coal liquids produced by a synfuel production process. The
results of this acreening procedure are shown in Figure 2. All the samples vwere
diluted in ethanol by serial dilution (10-2, 10~3, 10~4, 10~5, and 10~6) and spotted
on filter paper (Schleicher and Schuell, No. 2043A) treated with a mixture of
thsllium acetate and lead acetate. The excitation used to obtain the RTP spectra
was 315 om. This wavelength waa used to excite most of the PNA compounds having 3
to 5 fused ringa. The samples shown in this figure were 10~6 fold diluted. Vithout
any identification and quantification procedure, it is posaible to rank these
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aamples as follows: B > A > D 2 C. Note that aample C exhibited atronger
intenaity at approximately 600 to 650 nm where pyreme and other 4- to 5— ring PNA

oompounds mainly emit.

The above examples show that it is possible to obtain a preliminary ramking of
coal products after a rapid synchronous acanning procedure. All the samples were
acreened without any prior prefractionation or precleaning process. Each SL and RTP
measurement was conducted in less than five minutes, after the appropriate
concentration range had been selected. Recently the SL technique has been developed
for measuring important biomarkers including PNA metabolitea and PNA-DNA adducta
produced by human exposure to PNA pollutants (10,11).
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Comparative Toxicity of Crude and Refined Coal Liquids and
Analogous Petroleum Products: II. Chemical Characterization*

W. H. Griestd, C.-h, Hod, M. R. Guerind, H. P. Witschib, and L. H. Smithb

Analytical Chemistry Division2 and Biology DivisionP,
0ak Ridge National Laboratory, O0ak Ridge, Tennessee 37831

Introduction

In Part 1 of this paper, the dermal tumorigenicity of crude and hydrogenated H-Coal
Blends, a home heating oil and a reformed naphtha refined from the hydrotreated
H-Coal Blend, and two analogous petroleum products is reported. This paper compares
the tumorigenicity assay results with the chemistry of the samples.

Experimental

Samples: The crude and upgraded coal ligquids consisted of a water-washed 60/40
(wt./wt,) blend of Light and Heavy Qils from the H-Coal Pilot Plant at Catlettsburg,
KY) (H-Coal Blend-AWW, sample identification no. 931), the blend hydrotreated under
"low severity" conditions resulting in 900 SCF/Bbl of hydrogen incorporation (H-Coal
Blend-HDT/L, no. 934), the blend hydrotreated under "medium severity" conditions for
1400 SCF/Bbl1 of hydrogen consumption (H-Coal Blend-HDT/M, no. 933), and the blend
hydrotreated under "high severity" conditions for 3000 SCF/Bbl hydrogen consumption
(H-Coal Blend-HDT/H, no. 935). In addition, two products were prepared as petroleum
product substitutes. No. 935 H-Coal Blend-HDT/H was devolatilized to meet most of
the ASTM specifications for no. 2 fuel oil and was designated as H-Coal Home Heating
011 (no, 978). A 96 octane "gasoline" product (H-Coal Reformed Naphtha) was prepared
by a high severity hydrogenation of the no, 931 H-Coal Blend, followed by hydrocrack-
ing and catalytic reforming. Blending, catalytic hydrogenation, and hydrocracking
were conducted by the Chevron Research Corporation (Richmond, CA), and catalytic
reforming was performed by Universal 0il1 Products, Inc. (Des Plaines, IL). Two
petroleum products, API no. 2 Fuel 0il (no. 975) and API Light Catalytically Cracked
Naphtha (no. 976) were supplied by the American Petroleum Institute (Washington,
OC). Sample origin and processing are described in detail elsewhere (1,2).

Mouse Skin Dermal Tumorigenicity: (See Part I.)

Bacterial Mutagenicity: Bacterial mutagenicity was determined using the plate
incorporation assay of Ames with strain TA-98 and Aroclor-induced S$-9 metabolic
activation.

Organic Chemical Characterization: Benzo(a)pyrene was measured using a sequential
high performance liquid chromatography/high performance 1liquid chromatography
(HPLC/HPLC) procedure and quinoline was estimated by direct injection of a diluted
sample into a gas chromatograph (GC) equipped with a packed column and a nitrogen-
compound-selective thermionic detector. The 5-ring polycyclic aromatic hydrocarbons
(PAH) were estimated by capillary column GC following preparation of a PAH-enriched
fraction using semi-preparative HPLC. Major organic compounds 1in the fuels were
identified by capillary column GC-mass spectroscopy. The chemical class distribution
was determined gravimetrically after acid/alkaline partitioning of the sample and gel
chromatography of the neutral fraction. More detailed descriptions of these pro-
cedures are given in reference (1).

———————trer ettt

*Research sponsored by the 0ffice of Fossil Energy, U. S. Department of Energy under
contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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Results and Discussion

The changes in bulk composition and properties of the H-Coal Blend as the severity of
hydrogenation is increased are consistent with those found in other studies, and are
not reported in detail here (see reference 1), Briefly, the heteroatomic content
decreases while the hydrogen concentration increases, with S being reduced most
readily and 0 least easily. The density and viscosity decrease, the boiling range is
lowered, and both the flash point and pour point decrease with increasing severity of
hydrotreatment.

The more toxicologically important compositional changes are compared in Table 1 with
summaries of the mutagenicity and dermal tumorigenicity assays. It is evident that
tumorigenicity and mutagenicity are dramatically reduced by hydrogenation. Mutagen-
icity is undetectable in the hydrogenated blends when the sample is assayed as a
slurry in dimethylsulfoxide. Tumorigenicity is reduced by low severity hydrotreat-
ment, but no further reduction is evident for the high severity hydrotreated sample.
The concentrations of toxic components or chemical classes in the samples also
decrease with increasing severity of hydrotreatment, but not in direct proportion to
the reductions in toxicity. BaP, a classic PAH dermal tumorigen drops to less than
0.4% of its original level upon low severity hydrotreating of the blend. A more
gradual decrease 1in concentration is noted for the polycyclic aromatics chemical
class fraction, which includes the PAH dermal tumorigens. The PAH are associated
with the tumorigenicity (3-5) of crude coal liquids.

Quinoline, one of the major N-heterocyclics, decreases in concentration with
increasing hydrotreatment severity. The ether-soluble base chemical class fraction
also decreases in concentration. This fraction includes the polycyclic aromatic
primary amines, which are the determinant mutagens in crude coal liquids (6,7).

In contrast, phenol appears to resist reduction until high severity hydrogenation
conditions are employed. This behavior parallels the relative difficulty in reducing
the total O content as gauged by ASTM Ultimate Analyses of the crude and hydrotreated
blends (1). This trend is not reflected in the ether-soluble acid fraction, which
contains most of the oxygenates such as phenols and carboxylic acids.

The PAH content and dermal tumorigenicity of the refined products derived from coal
liquids and petroleum are compared in Table 2. It is evident that the further
refining (hydrocracking and catalytic reforming) to produce the H-Coal Reformed
Naphtha has eliminated the tumorigenicity of the original crude H-Coal 3lend. The
API Light Catalytically Cracked Naphtha is only slightly tumorigenic. The home
heating oils are somewhat more tumorigenic than the naphthas, with the H-Coal Home
Heating 0i1 being more tumorigenic than the API No. 2 Fuel 041, It also is apparent
that the least tumorigenic product (the H-Coal Reformed Naphtha) has the highest BaP
and 5-ring PAH concentrations. The fuel oils have lower BaP and PAH content than
does the H-Coal Reformed Naphtha, but much higher tumorigenic activities,

One hypothesis for this apparent disparity between PAH content and tumorigenicity is
that there are differences in tumor promoting activity among the samples. This
hypothesis 1is being tested. An alternate hypothesis is that the expression of
tumorigenicity by the PAH is mediated by differences in the sample matrix composi-
tion. The capillary column GC separations shown in Figure 1 illustrate that major
compositional differences do exist between the H-Coal Home Heating 0i1 and the APl
No. 2 Fuel 0il. Mass spectral analysis of the samples confirmed these differences.
The API No. 2 Fuel 041 is composed mainly of C7-C24 n-alkanes and alkylated 1-3 ring
aromatic hydrocarbons (in order of decreasing concentration: Cg-Cs5-naphthalenes,
Co-Cq-benzenes, C1-Cq~indanes, and Cp-Cj-phenanthrenes). In contrast, the H-Coal
Home Heating 011 1is comprised mainly of cycloparaffins (in order of decreasing
concentration): decahydronaphthalene, C)-C4-decahydronaphthalenes, Cp-C4-cyclo-
hexanes, and Cg-Cq-tetralins, Aromatic and partially saturated aromatic hydrocarbons
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and alkanes also are present, but at much lower levels (in order of decreasing
concentration): Cp-Cg-indanes, C7-C25 n-alkanes, and Cg-C4-benzenes.

The chromatograms of the naphthas (Figure 2) show that they are quite different as a
group from the home heating oils. The two naphthas share many components, such as
C4-C7-alkanes and Cg-C3-benzenes. However, the H-Coal Reformed Naphtha is more
aromatic than the API Light Catalytically Cracked Naphtha, having 7-fold more
benzene, 4.5-times more toluene, and 2-fold greater levels of Cp-benzenes. In
contrast, the API Light Catalytically Cracked Naphtha is more olefinic, being more
enriched in partially unsaturated Cg-Cg hydrocarbons. The fluorescent indicator
assay results reported by the Universal 0il Products, Inc., and the American
Petroleum Institute reflect these compositional differences: H-Coal Reformed Naphtha
(58.4% [vol./vol.] aromatic, 0.9% olefin, 40.7% saturate) and API Light Catalytically
Cracked Naphtha (20.3% aromatic, 29.6% olefin, 50.0% saturate}. It is possible that
these compositional differences among the samples affects the absorption, metabolism,
and uptake of PAH tumorigens, and modifies or potentiates their tumorigenic
activities.

Conclusions

The decrease in tumorigenicity of the crude H-Coal Blend by catalytic hydrogenation
is associated with the reduction of tumorigens., Comparison of the composition and
residual tumorigenicity in refined products derived from the H-Coal Blend and from
petroleum suggests that the tumorigenicity associated with PAH is modified by the
presence of tumor promoting agents, by matrix composition differences, or both.
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Figure 1, Capillary Column GC Comparison of Major Organic
Compounds in Coal- and Petroleum-Derived Naphthas.
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PROCESS RELATED EFFECTS ON THE CHEMICAL AND TOXICOLOGIC
CHARACTERISTICS OF COAL DERIVED FUELS

C. W, Nr1gEt E. X, Chess2 R. M, Bean,2 2
D. D. Mihlum D, L, Stewart,© and B. W, Wilson
Chemical Technology Department
Biology and Chemistry Department

Pacific Northwest Laboratory,
P.0. Box 999, Richland, WA 99352

ABSTRACT

As a component of an ongoing program to assess the potential health
effects of coal conversion materials, we have recently completed chemical and
toxicologic studies of a sample set collected on selected days of a 25-day
demonstration run of a catalytic two stage direct coal liquefaction (CTSL)
process. There was an increase in heteroatomic, nitrogen containing polycyclic
aromatic compounds (NPAC) and hydroxy-substituted PAC, compounds as the opera-
tion time of the pilot plant increased. The proportion of material which
boiled above 975°F also increased in the solids-free portion of the recycle
slurry ofl as pilot plant operation time increased. As anticipated from the
Increase in NPAC concentration during the run, the microbial mutagenic activity
of selected process materials also increased as a function of run time. Like-
wise, the tumorigenicity of the materials produced later in the demonstration
run was higher than that of those produced initially. These results support
the view that catalyst deactivation during the course of the run gives rise not
only to lower coal conversion, but also to increased toxicologic activity.

INTRODUCTION
Chemical and toxicologic characteristics of direct coal liquefaction mate-

rials are highly dependent on the specific process by which the coal 1iquids
were produced. Of particular importance are those process variables which can
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affect the boiling point (bp) range and degree of hydrogenation of product
materials (Wilson et al., 1986). Thus, process modifications such as recycle
of heavy ends to extinction (Anderson and Freel, 1983), adjustment of product
distillation upper temperature cut points to ca. < 650 °F (Pelroy et al.,
1985), incorporation of a catalytic hydrogenation step (Wilson et al, 1986),
and, to a lesser extent, changes in feed coal type can reduce the toxicologic
potential of coal liquefaction materials as determined by microbial mutagenic-
ity testing and mouse skin tumorigenesis assays.

We have recently concluded studies that assessed the effects of process
run time, and hence catalyst age, on the chemical composition and toxicologic
activity of materials from an advanced coal liquefaction process. In the
present paper, these results are reported and compared to data from earlier
studies which dealt with other process variables such as those listed above.
Studies of catalyst effects on toxicology will be important in the new
petroleum resid/coal co-processing schemes, which will depend heavily on
catalyst performance.

EXPERIMENTAL

During July of 1984, Hydrocarbon Research, Inc. (HRI) performed a 25-day
demonstration run of their catalytic two-stage liquefaction coal conversion
(CTSL) process at Lawrenceville, NJ. An objective of this CTSL process was to
take advantage of catalytic reactions in both reactors to convert coal to a
liquid; details of the CTSL process are given by Comolli et al. (1984) and
Wright and Later (1985). Samples of the pressure filter liquid (PFL; the
solids-free portion of the recycle slurry oil, an internal process stream
material) were taken each day of the demonstration run. A product distillate
blend (PDB), more representative of the actual net product from the CTSL
process, was also supplied by HRI,

Chemical analyses were performed on .fractions isolated from the PFL and
PDB materials by adsorption column chromatography (Later et al. 1981). Chemi-
cal class fractions of aliphatic hydrocarbons (AH), polycyclic aromatic hydro-




carbons (PAH), nitrogen-containing polycyclic aromatic compounds (NPAC), and
hydroxy-substituted PAH (hydroxy-PAH) were produced using neutral alumina as an
adsorbent. Due to the high concentration of hydrogenated and partially hydro-
genated components present in these samples, the hydroaromatic compounds were
isolated using picric-acid-coated alumina as an adsorbent (Woznfak and Hites,
1983), Selected chemical fractions isolated from the PFL and PDB materials
were then analyzed by high-resolution gas chromatography {(HRGC), gas
chromatography/mass spectrometry (GC/MS), and low-voltage probe-inlet mass
spectrometry (LVMS),

The mutagenic response of all crude samples and chemical class fractions
were measured using the histidine reversion microbial mutagenicity test with
Salmonella typhimurium, TA98 (Ames et al., 1975). Selected crudes were tested
for tumorigenic potential using the initiation/promotion (I/P) assay for
tumorigenicity in mouse skin (Mahlum, 1983). Details regarding the methods of
chemical analyses and measurement of toxicologic activity in the CTSL materials
are given by Wright and Later (1985).

RESULTS AND DISCUSSION

Chemical Analysis

The distillation weight percent distribution of the CTSL PFL materials
from days 5, 10, 15, 19, and 24 are given in Table 1. The composition boiling
above 975°F increased significantly over the duration of the demonstration run.
There was a concurrent decrease in the composition which distilled less than

TABLE 1. Distillation Data for Selected PFL Sample Materials

Distillation Weight Percent Composition
Temperature Nay 5 Day 10 Day 15 Day 19 Day 24
IBP - 650°F 28.1 21.0 18.9 14.9 13.1
650 - 850°F 3.4 32.7 30.9 31.8 30.9
850 - 975°F 11.4 12.7 13.8 8.7 6.8
975°F+ 27.1 33.6 36.4 44,6 49,2
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650°F. The increase in higher boiling constituents of the PFL may be an effect

of catalyst deactivation and recycle oil boiling point adjustment.

Elemental analysis data indicated there were changes in the PFL composi-
tion during the course of the 25-day demonstration run. These changes included
a general decrease in the carbon content of the PFL material and an increase in
the heteroatom content with catalyst age and duration of the run. The nitrogen
content increased gradually from 0.61 weight percent on day 5 to 0.99 weight
percent on day 24; the sulfur content increased similarly from 0.046 to 0.186
weight percent for the same days of pilot plant operation.

The chemical class composition (as determined by alumina column chromatog-
raphy) of the PFL materials from days 1, 5, 10, 15, 19, and 24 are shown in
Figure 1. As the demonstration run progressed, the PFL AH composition
decreased by more than a factor of two, the PAH composition of the PFL materi-
als was fairly constant, and both the NPAC and hydroxy-PAH fractions showed
significant increases. The PDB had a significantly higher AH
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FIGURE 1. Chemical Class Composition of CTSL Pressure Filter Liquid
Samples as Determined by Alumina Column Chromatography
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composition and significantly lower PAH, NPAC, and hydroxy-PAH composition than
did the PFL material. The PDB contained 43% AH, 23% PAH, 5.2% NPAC, and 6.7%
hydroxy-PAH by weight as determined by alumina column chromatography.

The hydroaromatic composition of the CTSL PFL materials from days 1, 5,
10, 15, 19, and 24 is shown in Figure 2. The AH of fraction PAl and the hydro-
aromatic compounds of fraction PA2 generally decreased as the operation time of
the demonstration run increased. The dihydro- and less-than-three-ringed PAH
composition of fraction PA3 was constant after about day 5 of the demonstration
run. In addition, the greater-than-three ringed PAH and some slightly polar
compounds of fraction PA4 generally increased with increasing operation time.
Indan, tetralin, and hydrogenated acenaphthylenes, fluorenes, phenanthrenes,
fluoranthenes, and pyrenes were detected as major components in the hydroaroma-
tic fraction of the PDB when analyzed by HRGC and GC/MS. Alkylated species of
each of the above were also detected in the PA2 fraction.

30
x
o PA,
o PA,
i a PAy
”,JQ\\ x PA,
20—

Weight Percent
o
\

0 ] ] ! ! I
0 5 10 15 20 25

Days of Demonstration Run Operation

FIGURE 2. Hydroaromatic Composition of CTSL Pressure Filter Liquid Samples
as Determined by Picric-Acid-Doped Column Chromatography
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The PAH and NPAC fractions were analyzed in detail since these chemical

class fractions have been previously shown to be the most tumorigenic¢ and
mutagenic fractions in coal-derived materials, respectively. The quantitative
HRGC results for over 50 components in the PAH fractions and 40 components in
the NPAC fractions of the PFL materials from day 1, 5, 10, 15, 19, and 24 are
given by Wright and Later {1985). The results of the PAH fraction analyses can
be summarized by the data given in Figure 3. The quantitative values for some
low molecular weight PAH in the isolated PAH fractions, i.e. the methylnaphtha-
lenes and two isomers of dimethylnaphthalene, were summed and are plotted for
each of the PFL materials analyzed. The concentration of these low molecular
weight components decreased over the duration of the demonstration run. The
quantitative values for some of the high molecular weight PAH in the isolated
PAH fractions, i.e. two methylchrysene isomers, the benzofluoranthenes, the
benzopyrenes, indeno{1,2,3-cd)pyrene, and benzo{ghi)perylene, were also summed
and are plotted in Figure 3 for each of the PFL materials analyzed. The
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FIGURE 3. Concentrations {parts per thousand) of Selected High
Molecular Weight Components and Low Molecular Weight
Components in PAH Fractions of Selected CTSL PFL Samples
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concentration of these high molecular weight components increased significantly
with increasing pilot plant operation time. Operating temperatures were
equilibrated during the first 3 days of the demonstration run; the composition
of the PAH fractions continued to change after operating temperatures were
equilibrated at day 3. These changes may be an effect of catalyst degradation
or an effect of the resid recycle. Similar increases in higher molecular
weight composition were noted for the AH, NPAC, and hydroxy-PAH chemical class
fractions when analyzed by LVMS.

The individual components in the chemical class fractions of the PDB were
similar to those found in the PFL materials, only for a lower molecular weight
range. The quantitative analyses of the PDB and the PFL composite revealed
that the concentration of the methylnaphthalenes and two dimethylnaphthalene
isomers was more than an order of magnitude higher in the PDB as compared to
the PFL, for example.

To compare the degree of alkylation of the CTSL PDB to products from other
coal liquefaction processes, the quantitative values for the following com-
pounds were summed and were then divided by the quantitative values of their
respective parent compounds: the me?hy]phenanthrene isomers, the methylcarba-
zole isomers, and 1-methyl pyrene. The resulting ratios were then summed. The
summed ratios of these quantitative values are given in Table 2 for the CTSL
PDB as well as solvent refined coal (SRC)-1, SRC-II, H-Coal, EDS, integrated
two-stage liquefaction (ITSL) (Lummus), ITSL (Wilsonville), and nonintegrated
two-stage liquefaction (NTSL) products. The single-stage, noncatalytic SRC
materials showed the lowest degree of alkylation compared to the single-stage,
catalytic H-Coal, hybrid EDS, or any of the two-stage coal liquefaction
products. The highest degrees of alkylation were present in the two-stage coal
liquefaction materials. Both ITSL, the NTSL, and the CTSL materials showed
similar degrees of alkylation to each other, as determined by these means.

Those processes which incorporated catalysts had higher degrees of hydro-
genation than did the noncatalytic processes. Quantitative values for the 1,2-
dihydrophenalene and a dihydrofluoranthene were divided by the quantitative
values of fluorene and fluoranthene, respectively, to compare the degree of
hydrogenation of coal liquefaction process materials. These two ratios were
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TABLE 2. Relative Degrees of Alkylation and Hydrogenation of Coal Liquefaction
Materials as Determined by HRGC Analysis

Relative Relative

Coal Liquefaction Degree of Degree of
Process Alkylation{2) Hydrogenation(2)

SRC-1 1.3 0.2
SRC-1I 1.7 0.6
H-Coal 3.2 4.2
EDS 3.4 4.4
ITSL Lummus 4.6 6.3
ITSL Wilsonville 4.4 6.0
NTSL Wilsonville 4.9 1
CTSL PDB 4.1 10

(a) See text for explanation.
then summed and are also given for each of the coal ligquefaction materials in
Table 2. The CTSL POB and NTSL product showed the highest degree of hydrogena-

tion, as determined by this method.

Biological Testing

The microbial mutagenicity results indicated a general trend of increasing
mutagenicity with increased pilot plant operation time. The results of testing
crude PFL materials from each day of the demonstration run were as follows:
the responses, in rev/pg, ranged from approximately 1 to 2 for the first
5 days, 2 to 3 rev/ug for the next 5 days, 4 to 6 rev/ng for days 11 through
15, 6 to 10 rev/ug for days 16 through 20, and 9 to 12 rev/pg for the last
5 days of the demonstration run. The trend of increasing mutagenic response
with time of operation correlates with the chemistry analysis data, which
showed that the PFL materials had an increasing heteroatomic (particularly
NPAC) composition as the length of pilot plant operatfon time increased. The
microbial mutagenic response of coal liquefaction materials has historically
been related to the NPAC chemical class fractions of coal lfquefaction
materials analyzed using these methods.
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The CTSL PDB had a microbfal mutagenicity dose response of 1.7 rev/pg with
S. typhimurium, TA98. This response was higher than materials representative
of Wilsonville (bp >450°F) and Lummus (bp >400°F) ITSL final products: approx-
imately 2 rev/ug for the CTSL versus O rev/pg for the ITSL materials. The PDB
did, however, have a lower mutagenic response than that of a NTSL (bp >450°F)
final product (6 rev/ug). The majority of microbial mutagenicity of all the
CTSL materials tested was associated with the NPAC fractions when the chemical
class fractions were tested with S, typhimurium, TA98. These results were con-
sistent with other coal liquefaction materials studied to date.

The results are given in Table 3 for the I/P mouse skin tumorigenicity
assay of days 5, 15, and 24 PFL materials from the 25-day demonstration run of
the HRI CTSL process. The mean number of tumors per mouse data (normalized to
a population of 30 mice) indicated a general trend of increasing tumorigenicity
with increasing length of pilot plant operation and catalyst deactivation.
These I/P results were in general agreement with the chemistry results that
showed that the PFL materials had decreased AH content and increased molecular
weight distribution with increasing length of pilot plant operation. The
percent tumor incidences were similar for all the PFL materials tested

TABLE 3. I/P Results (mean number of tumors per mouse)
for Selected Coal Liquefaction Materials

Nominal bp
Sample Range (°F) Tumor's /Mouse (2)

CTSL PFL, Day 5 500 - 975+ 1.37
CTSL PFL, Day 15 500 - 975+ 1.62
CTSL PFL, Day 24 500 - 975+ 2.27
CTSL PDB <850 0.57
ITSL Second-Stage Product 450 - 850+ 1.3

(Wilsonvilie)
NTSL Second-Stage Product 450 - 850+ 1.1

(Wilsonville)
ITSL TLP (Lummus) ~400 - 850+ 2.6

(a) Normalized to 30 mice per test material.
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(approximately 70% after 191 days); however, day 5 results were slightly lower
(~62%) and day 15 results were slightly higher (~75%) than the rest.

The skin-tumor initiating activity of the PDB (also given in Table 3 in
terms of mean number of tumors per mouse) was significantly less than that of
any of the PFL materials tested when judged by either tumor yield or tumor
incidence; this is predictable from the significantly increased bp range of the
PFL (>975°F) versus that of the PDB (<850°F) materials. Increasing tumori-
genicity has been noted with increasing bp of coal liquefaction materials by
Wright et al. (1985).

Also included in Table 3 are the mean number of tumors per mouse for the
ITSL and NTSL materials, with nominal bp information for all samples. The CTSL
PDB appeared to have less tumor initiating activity than did the NTSL or ITSL
products, probably an.effect of the lower bp of the former versus the latter.
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Iron Nitride Catalysts For Synthesis Reactions
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INTRODUCTION

Synthesis gas {CO and Hy) from coal is a potential source of both fuels and chemical
feedstocks. Commercial applications of this technology use iron-based catalysts, which are
known to carburize during reaction (1-5). Prenitriding of a fused iron catalyst has been
reported to shift the molecular weight and alcohol content of the product distribution (8,7).
Recent studies (8,9) indicate somewhat different selectivities for the nitrided catalysts, but
confirm high activities and stability of nitrogen for a variety of catalyst and reaction condi-
tions.

The structures and magnetic properties of the nitride phases have been investigated by
various authors using several techniques, including XRD (10), LEED (11), Auger (12) and
Mossbauer spectroscopy (13,14,15). Three nitride phases have been differentiated: ~/ —Fe,N,
eFeN (2 < x < 3), and ¢Fe;,N. The phase diagram has been presented by Ertl et ol (12).
As the nitrogen content increases, the structure changes from BCC (a—Fe), to FCC
(¥ -FeyN), to HCP (e~Fe,N), to orthorhombic (¢—Fe;N). Mossbauer spectroscopy is particu-
larly effective in differentiating the various iron nitrides (14,15).

In this work, we have used Mossbauer spectroscopy and transient mass spectrometric
analysis to examine the stability, surface chemistry, and catalytic behavior of the three iron
nitrides. We have found that at typical reaction temperatures, the pure nitride phases are
unstable in both H, and synthesis gas, but in synthesis gas much nitrogen can be retained in
the working catalyst in a carbonitride phase. We have continued this work by examining the
nature of the surface before and during reaction in synthesis gas. Transient measurements
show that surface nitrogen species are more reactive toward hydrogen than surface carbon
species, and thus nitrogen is quickly lost from the surface during the first minutes of reaction.
The high reactivity of nitrogen also suggests that a continuous supply of nitrogen from a reac-
tant could lead to synthesis of nitrogen-containing compounds. The patent literature and our
preliminary experiments confirm production of acetonitrile when NHj is added to synthesis gas
at 700 K. Our findings also indicate that the use of catalysts with very small iron particles
can affect the stability during reaction.

EXPERIMENTAL

Preparation of the unsupported nitride powders was accomplished by reducing iron oxide
at 325-400 C in flowing UHP hydrogen. The reduced iron powder (a compressed wafer in the
Mossbauer apparatus, and a packed bed for the transient mass spec apparatus) was nitrided in
a flowing mixture of ammonia and hydrogen for about 4 hours to produce the catalyst pro-
duct. The nitrogen content was controlled by either altering the gas phase ammonia composi-
tion or varying the reaction temperature. Nitrogen content was checked by integrating the



mass spectrometer signal for NH; when the nitride was reduced in hydrogen. Nitride phases
were also identified by their Mossbauer spectra or XRD patterns.

The *"Fe Mossbauer spectra were recorded on a Nuclear Data multichannel analyzer from
an Austin Science S-600 spectrometer. Both constant acceleration and constant velocity (tran-
sient) modes were used. All Mossbauer spectra isomer shift parameters are referenced to a
25um NBS Fe foil. The in situ Mossbauer cell supports a mechanically compressed sample
walfer, allowing Mossbauer effect investigation of changes in the bulk sample during nitriding,
denitriding, carburization, and synthesis reaction.

Details of reaction kinetics are studied by mass spectrometry. The apparatus used for this
portion of the work was specifically designed for transient experiments. Combinations of reac-
tant feed gases can be stepped or pulsed to the reactor. The effluent of the reactor is continu-
ously measured by an Extranuclear EMBA II quadrupole mass spectrometer with a supersonic
nozzle molecular beam inlet and phase sensitive detection. The spectrometer is controlled and
monitored by a Digital MINC 11 microcomputer to facilitate the high speed gas analysis
required for transient experiments.

RESULTS AND DISCUSSION

The Mossbauer spectral variations with changing nitrogen content are depicted in Figure 1,
with a—Fe included for comparison. The ¢-Fe,N phase can be made at a variety of tempera-
tures, but is most easily prepared at 400°C with 100% ammonia and identified by the nar-
rowly split quadrupole doublet of Figure 1A. The ¢~Fe N phase is only prepared in a narrow
concentration range of 80 + 5% NH,. Variation of the temperature changes the stoichiometry
(2<x<3) such that decreasing nitrogen content increases the species with hyperfine splitting
of about 200kOe at the expense of the central quadrupole doublet (Spectra 'IB-E). Slight
changes in concentration also alter the stoichiometry of the e~Fe,N phase (Figure 1F). The
~ —Fe,N phase is formed at lower ammonia concentrations (75% NH;) at 325°C, and is easily
identified by its characteristic 8 line spectrum with its rightmost line at higher velocity than
that of a—Fe (Figure 1G).

The constant velocity capability of the Mossbauer drive allows in sifu inspection of the
nitriding process by following the growth or loss of transmitted intensity at a fixed velocity
during the process. Figure 2 presents the loss (increase in transmission) and subsequent return
of the central quadrupole doublet during denitriding and renitriding of ¢~Fe,N, observable by
following the velocity indicated in the constant acceleration spectrum. The denitriding kinetics
at 325°C are very rapid, converting the ¢ nitride to & iron in seconds. On the other hand, the
nitriding to the orthorhombic phase is relatively slow. During nitriding the nitrogen entering
the lattice promotes a structural change from the relatively open bce structure to the more
dense orthorhombic arrangement which has considerably lower diffusivity of nitrogen. Ninety
percent of the nitrogen appears to have entered the sample within 40 minutes of starting the
nitriding.

Figure 3 shows the effect of gas phase composition on the rate of orthorhombic phase
disappearance from ¢~Fe,N, as followed by constant velocity measurement of the central
doublet at 0.5 mm/sec in the Mossbauer spectrum. The effect of pure hydrogen at 325°C has
already been seen in Figare 2. At 250°C, the nitrogen loss remains rapid (Figure 3A). Remo-
val of nitrogen in the form of N, in He is very much slower (Figure 3B). The phase disappear-
ance is very fast in 3H,/CO as well, (Figure 3C) but in this case does not reflect fast loss of
substantial nitride nitrogen to ammonia in the gas phase. Constant acceleration spectra taken
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after 20 minutes of exposure to 3H,/CO show that the initial contact with syngas first
removes nitrogen from the lattice to form an ¢ nitride, which has small contribution at the 0.5
mm/s velocity. Further reaction in synthesis gas then produces carbonitrides. Carburization
in pure CO produces only a gradual structural change (Figure 3D). The final phase, as
confirmed by the constant acceleration spectrum, is a very broad doublet which has little
definition (less even than the spectrum in Figure 1D).

Investigation of the mechanism of nitride decomposition in hydrogen can be studied by
mass spectrometry. In addition, surface species present during the nitriding process in
ammonia can be identified by decomposition in deuterium. Figure 4 shows the decomposition
of a ¢Fe,N in deuterium into the deutero-ammonias at 250°C. The ¢—Fe,N nitride was
prepared in NH; at 400°C, then cooled to 250°C in NHj and the reactor then purged with
argon for 10 minutes. The nitride and surface species are stable in argon at 250°C. The
decomposition in D, occurs quickly, as predicted from the Mossbauer results in Figure 2.
From the shape of the NDy curve, which is the decomposition product of the nitride nitrogen,
it is clear that a slow activation is taking place. Modelling of this phenomenon indicates that
a surface competition between the amount of adsorbed hydrogen (or in the case of Figure 4,
adsorbed deuterium) and a nitrogen surface species can successfully simulate the results. Bulk
nitride is converted to this nitrogen surface species.

Also apparent in Figure 4 are the mixed ammonias with hydrogen contributions. The
presence of NH,D,_, in the effluent shows clearly that the fresh surface retains some hydro-
gen. The appearance of NH, first does not indicate that x = 3, but is the result of chromato-
graphic isotopic exchange at the leading edge of the deuterium pulse. This hydrogen most
probably exists as a stable NH, surface species left over from the nitriding. procedure in NH,.
It will be seen that this NH, species is very reactive and is removed in synthesis gas.

The deuterium experiment and the Mossbauer studies show that some of the nitrogen in
the pure nitrides is very labile. The transient mass spectrometric approach allows us to meas-
ure relative surface reactivities directly. Figure 5 shows the response of a freshly prepared and
He-purged surface to 3/1 H,/CO. The curves show clearly that surface hydrogen reacts pre-
ferentially with surface nitrogen rather than surface carbon. About 1.6 monolayer’s worth of
ammonia comes off before methane production starts. The CO, curve shows that carbon is
being deposited on the surface by the Boudouard reaction while hydrogen is being scavenged
by the surface NH, groups. The availability of surface species changes dramatically after five
minutes on stream. Figure 6 shows the response of the reacting system to a short He pulse
followed by a switch to hydrogen. The burst of methane is characteristic of excess surface
carbon. Ammonia evolves only slowly from the catalyst. Because of the high reactivity of
surface nitrogen species just demonstrated above, we take this result to indicate very low
nitrogen content on the the surface of the working catalyst. The high reactivity of surface
nitrogen with hydrogen can be delayed, but not suppressed, by the presence of excess surface
carbon. If the surface of a fresh nitride is precarburized in CO and then exposed to synthesis
gas, as shown in Figure 7, the surface carbon layer delays any activity for a short induction
time, but then nitrogen is released as ammonia before carbon can react to methane. The sur-
face NH, species is therefore stable in helium or pure carbon monoxide at 250°C.

We have also begun studying iron nitrides supported on carbon. A small particle 5% iron
on Carbolac-1, which is a high surface area (1000 m?/g) carbon support, was prepared and
reduced in hydrogen for 16 hours at 400°C. The room temperature Mossbauer spectrum of
this reduced catalyst is shown in Figure 8a. The broad singlet at 0.0 mm/sec may be ascribed
to superparamagnetic Fe®. The typical six line pattern collapses to a superparamagnetic



singlet when the relaxation time is short compared to the lifetime of the excited state of the
nucleus. We may therefore conclude that our iron crystallites are small. The asymmetric
nature of this spectrum is due to the contribution of Fe?* at 0.8 mm/sec, which arises from
incomplete reduction of the passivated iron. Extensive (21 hrs) exposure to UHP He that was
further purified in oxygen traps resulted in the spectrum of Figure 8b. The increased absor-
bance of the Fe?* peak indicates that the catalyst is passivated in helium with oxygen con-
centrations on the order of 1 ppb. This catalyst was nitrided in pure NH; at 400°C for 8
hours to produce the ¢—Fey,N phase, indicated by the doublet seen in Figure 8¢. Figure 8d
shows the result of exposure of this catalyst to 3/1 Hy/CO at 250°C for 20 hours. This spec-
trum has the same general appearance of other bulk nitrided samples following FTS and indi-
cates a complex mixture of nitride, carbide and carbonitride phases. Rereduction of this sam-
pie resuiied in the spectrum shown in Figure 8e, showing major contributions (84%) from a
bulk Fe metal pattern. Thus, the iron crystallites have sintered during the nitriding-reaction-
reduction process. In previous experiments, we have shown that small particle Fe,N on car-
bon has stable activity during Fischer-Tropsch synthesis. Our results here suggest that main-
taining the small size of the particles is important to maintaining the stability of the nitride
catalyst. The point in the process at which particle growth occurs is currently under investi-
gation.
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THE SURFACE CHEMISTRY OF IRON FISCHER-TROPSCH CATALYSTS
D. J. DWYER AND J. H. HARDENBURGH

Exxon Research and Engineering
Corporate Research Science Laboratory
Route 22 East
Annandale NJ. 08801

INTRODUCTION

The indirect conversion of coal to 1liquid hydrocarbons via
steam gasification followed by synthesis gas (CO/H,) chemistry has
been the subject of intensive study for a number o% decades. A key
technological challenge facing researchers in this area is control
over the product distribution during the hydrocarbon synthesis step.
In the case of iron Fischer-Tropsch catalyts, it has long been known
that the the addition of alkali to the metal catalyst has a
significant impact on the product distribution(l). Iron catalysts
treated with alkali produce less methane more alkenes and higher
molecular weight products. In spite of numerous investigations (2-
9),the details of this promotional effect are not understood on a
molecular level. To explore the role of alkali in the surface chemi-
stry of iron catalysts, we have carried out a combined surface
science and catalytic kinetic study of a model iron catalyst with and
without surface alkali.

EXPERIMENTAL

The experimental apparatus has been described elsewhere
(10,11). It consists of a medium pressure microreactor coupled to a
ultra-high vaccum system equipped to perform x-ray photoelectron
spectroscopy. The miroreactor was a small UHV compatible tube furance
with an internal volume of approximately 10 cc and gold plated walls
for inertness. The catalysts used in the study were pressed into a
gold mesh backing material which in turn was mounted on a gold sample
boat. The boat and the sample could be shuttled back and forth
between the high pressure reactor and the UHV surface analysis
chamber via a special UHV manipulator.

The iron catalysts were prepared by reducing ultra-high purity
iron oxide (Fe,03) in an external tube furance. The reduction was
carried out to completion at 675K, 1 atm Hy for 24 hours. The surface
of this pryophoric powder was then passivated for 2 hours in a 1% 0,
in He mixture. The passivated lron powder was characterized by x-ray
diffraction and only a-iron was detected. XPS5 analysis of the same
sample revealed only Fe;03 on the surface. These data indicate that
that the passlivated lron powder consists of an iron core surrounded
by a thin skin of iron oxlide.

.5 grams of the passivated powder was Impregnated with .015
grams of K,C0O4 through a standard aqueous inciplent wetness
technique. The surface areas of the two samples (with and without)
alkali were determined by the BET method. The potassium containing
catalyst had a surface area of 1 M“/gram and the the untreated
catlyst had a surface area of 18 M“/gram. Assuming complete disper-
siig o% the potassium and a surface site density on the 1iron of
10°° /c¢m“, the potassium coverage on the iron surface 1s approximately
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1/3 of a monolayer.
RESULTS AND DISCUSSIONS

A detailed report on the surface compositional changes that
accompany pretreatment and activation of the iron catalysts has been
reported elsewhere (10-11). The surface of the untreated iron ca-
talyst consists primarily of iron in +3 oxidation state (Fe203). Upon

reduction (H,, 2 atm, 625 K), the surface is converted to metallic
iron. The metallic iron surface is, however, unstable under synthesis
gas (H2:00 3:1, 525 K , 6atm) and is slowly converted to iron

carbide. Concomitant with the carbidization of the iron surface is a
marked increase in the rate of «catalytic reuction of CO to
hydrocarbons. Steady state activity is reached after 3-4 hours under
reaction condititons. The steady state product distribution of the
unpromoted iron carbide surface consists primarily of methane and
small linear alkanes. Two types of carbon species were identified on
the surface of unpromoted material after reaction . A carbidic form
of carbon that was reactive to H, and was easily convert to methane.
The second type of surface carbon was a coke-like or graphitic
deposit that was very unreactive to Hy,. This second type of carbon
was found to dominate the surface and poison the reaction when the
reaction was run at elavated temperatures.

The surface of the potassium treated catalyst after reduction
consisted of a metallic iron with a strongly adsorbed potassium
oxygen complex of approximately 1l:1 stoichiometry. The stablity of
this complex is evident since it is formed by decomposition of the
thermodynamically stable K,C04. Upon exposure to synthesis gas the
metallic iron is once again converted to iron carbide and a slow in-
crease in reactivity accompanies this change in surface composition.
The product distribution over the potassium treated catalyst is sub-
stantially different than that observed over the unpromoted surface.
The methane yield is lower, the average molecular weight is higher
and the product now consists primarily of linear alkenes. After reac-
tion the surface is covered by layer of hydrocarbon which is best
characterized as polymethylene.

It has been suggested in the literature that the role of
surface alkali in this reaction is to facilitate the dissociation of
CO on the surface (9). Presumably, the increased concentration of re-
active carbon on the surface shifts the product distribution towards
higher molecular weights by enhancing the chain building step in the
reaction. However, the results of this study clearly show that the
iron and iron carbide surfaces easily break the carbon-oxygen bond in
CO0. The unpromoted catalyst is saturated Iin carbon which 1s reactive
towards hydrogen. Therefore,it does not seem reasonable that the role
of surface alkali is to enhance CO dissociation. The simple and
stralight forward explanation of the results of this study is that
orginally proposed by Dry(2). Potassium addition increases the heat
of adsorption of €0 and weakens the adsorption of HZ which in turn
changes the relative concentrations of CO and H on the surface of the
catalyst under reaction conditions. Our results indicate that the un-
promoted iron carbide is a very good hydrogenation catalyst producing
primarily small alkanes. Little or no hydrocarbon fragments are
observed on the surface after reaction. When potassium is added the
overall hydrogenation activity of the surface drops. Larger alkanes
dominate the product and there 1s an accumalation of hydrocarbon
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fragments or intermediates on the surface. It appears that the un-
promoted surface is too good a hydrogenation catalyst with a high
hydrogen activity at the surface. The hydrocarbeon intermediates which
form on the surface are rapidly intercepted by surface hydrogen and
terminated as small alkanes. When potasssium is present the hydrogen
activity at the surface is much lower,this allows the hydrocarbon
intermediates to accumulate and polymerize on the surface and results
in larger molecules which are alkenes and not alkanes.
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atmosphere. Product gases exiting the cell were analyzed by gas
chromatography (temperature programmed Porapak Q column) utilizing a
combination of thermal conductivity and flame ionization detection.
Following evacuation of the reaction cell, samples could be
transferred into the UHV chamber without exposure to air.

The materials characterized included high purity iron foils
(Johnson Matthey), and commercially obtained Fe3zO4 and FepO3 powders
(Alfa Products). Oxide samples were mounted by pressing the powders
into 48 mesh copper screen. All synthesis reactions were carried out
over the FepO3 powder, after first reducing the oxide in flowing
hydrogen for 9 hours at 400°C. Hydrogen chemisorption measurements,
using the method described by Amelse, et al. (12), yielded an uptake
of 21 umole Ho/g Fe for the reduced powder. Specific reaction rates
were calculated based on the hydrogen uptake, assuming two surface
iron sites per adsorbed Hp molecule. Gases used in the sample
reductions and synthesis reactions were dried by passage through a
silica gel bed immersed in a dry ice/acetone bath. Oxygen impurities
were removed by a 10% MnO/SiOo trap which had previously been reduce
in flowing hydrogen at 350-400°C. The 3:1 Ho/CO synthesis mixture
(Matheson) was obtained in an aluminum cylinder to minimize the
formation of carbonyls. A silica gel trap heated to 200°C was used to
remove any carbonyls present in the reactant stream.

RESULTS
Oxidized Iron Surfaces

The Fe(2p) XPS spectra characteristic of iron and the
stoichiometric oxides are summarized in Figure 1. The metallic iron
spectrum (Figure la) was measured for a foil sample after the surface
had been cleaned by repetitive cycles of argon ion sputtering and
annealing at 450°C in the vacuum chamber. The surfaces of the
ailr-exposed oxide powders were invariably contaminated by adsorbed
water, as evidenced by broadening on the high binding energy side of
the O0(1s) XPS peaks. In the case of the Feo0O3 powder, mild heating in
vacuum (1 hr at 170°C) removed nearly all of this surface
contamination, resulting in the spectrum shown in Figure 1c. The
surface of the Fe304 powder was at least partially oxidized to Feo03,
based on the Fe(2p) peak positions and satellite structure measured
for as-prepared samples. Using the spectrum fitting procedure
described below, we observed that brief (<2 min) argon ion sputtering
of iron oxide surfaces results in the reduction of Fe(III) to Fe(II),
while prolonged sputtering leads to the formation of a significant
metallic iron phase. In either case, this surface reduction is
accompanied by a decrease in the ratio of the oxygen to iron XPS
intensities. The Fe304 spectrum (Figure 1d) was obtained for a powder
sample after brief argon ion sputtering, followed by heating for
5 hours at 350°C in vacuum. During this sample heating, the
0(1s)/Fe(2p3/2) intensity ratio increased steadily and then leveled
off, signaling a gradual re-oxidation of the sputtered surface.

In a recent review of oxide photoemission studies, Wandelt (13)
observed that the Fe(2p) XPS spectrum of Fe304 is simply a weighted
average of the spectra for Feg03 (Fe(III)) and FexO (primarily
Fe(II)). This is illustrated by the Fe(II) spectrum in Figure 1b,
which was obtained by subtracting out the Fe(III) contribution to the
Fe304 spectrum (assuming an Fe(III) to Fe(II) area ratio of 2:1). The
resulting Fe(II) peak positions and satellite structure are in
excellent agreement with XPS results reported for Fe, O (13,14).
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Spectra representing the individual oxidation states of iron

(Figure la,b,c) can be used to analyze data obtained for partially
oxidized surfaces, as illustrated in Figure 2. The points in this
figure iadicate data measured for an iron foil after brief exposures

to 1x10”° torr of oxygen at 400°C. The solid curves through these
points indicate linear combinations of the spectra representing the
individual iron oxidation states. Coefficients for these linear
combinations were determined using the usual least squares
minimization criteria. The individual contributions of each oxidation
state to the fitted spectra are also indicated in Figure 2. This
procedure allows the compositions of partially oxidized surfaces to be
approximated in terms of the area contributions of each oxidation
state to the total XPS spectrum. Area contributions to the spectra in
Figures 2a and 2b are 78% Fe / 7% Fe(11) / 15% Fe(IIl), and

23% Fe / 29% Fe(1l) / 48% Fe(III), respectively.

Carbided Iron Surfaces

Iron carbides were prepared by treating reduced powder samples
either with ethylene or a 3:1 Ho/CO mixture at 250-275°C. Analysis of
these samples by Mossbauer spectroscopy indicated that the powders
were fully carburized and consisted primarily of X-Fe5Cp. XPS results
for the carbide powders did not depend on the carburization medium
employed, and we therefore limit discussion in this section to samples
carbided under normal synthesis conditions (250°C, 1 atm, 3:1 H2/CO).

The catalytic behavior of the initially reduced powder is
illustrated in Figure 3. The turnover frequency for methane formation
increased steadily during the first 4 hours of synthesis and then
remained nearly constant at ~.0035 molecules/site sec for times in
excess of 20 hours. The steady state turnover frequency compares well
with values in the range of ,003 to .007 molecules/site sec reported
by Anmelse, et al. (12) for silica supported iron under similar
reaction conditions. The steady state CO conversion level over the
iron powder catalyst was 0.6%, based on integration of the Cq7 to Cjs
hydrocarbon products. Analysis of the hydrocarbon product
distribution by the Schulz-Flory model yielded a chain growth
parameter a = 0,48,

XPS results obtained for the iron powder in the reduced and fully
carburized states are summarized in Figure 4. The reduced catalyst
exhibited an Fe(2p3/2) binding energy of 707.0 eV, and a shift to
707.3 eV was observed following exposure to synthesis conditions for
30 hours. Dwyer and Hardenbergh (15) reported a similar shift upon
carburization of unsupported iron during low conversion synthesis at
7 atm. In addition to small increases in the iron core level binding
energies, the metal and carbide phases are distinguished by
differences in the iron Auger line shape, as illustrated in Figure 4.
The most pronounced difference in line shape occurs for the Fe(LMV)
Auger transition, in the kinetic energy range from 610 to 660 eV.

When Al Ka x-rays are used, this region also includes the Fe(2s) core
level transition at a kinetic energy of ca. 639 eV.

Since the Fe(2p3/2) peaks of metallic iron and X-FesCp are nearly
identical in shape and differ in position by only 0.3 eV, changes in
the iron Auger spectrum provide a more useful method for
characterizing mixtures of theses phases. This is demonstrated by the
results in Figure 5, which were obtained for a reduced powder sample [
after exposure to synthesis conditions for periods of 20 and 100 |
minutes. The Auger spectra in this figure were fit with linear {
combinations of the metal and carbide spectra (Figure 4), using the

220



least squares method described earlier. Area contributions of the
carbide phase to the iron Auger spectra were 36% and 48% after
synthesis for 20 and 100 minutes, respectively. The C(1s) spectra in
Figure 5 illustrate the utility of XPS in characterizing the carbon
adlayer which develops on catalyst surfaces during the Fischer-Tropsch
synthesis. Krebs, et al, (9) have shown that the initial increase in
activity observed during synthesis over iron foils is associated with
the formation of surface '"carbidic" carbon, corresponding to the low
binding energy (283.2 eV) C(1s) peaks in Figure 5. The high binding
energy (285.3 eV) peaks in these spectra indicate the presence of
graphitic surface carbon,which is associated with the deactivation of
iron synthesis catalysts.

CONCLUSIONS

Analysis of Fe(2p) XPS and iron Auger spectra, combined with
C(1s) XPS measurements, provides a valuable technique for studying the
compositional behavior of Fischer-Tropsch catalysts. The extent of
catalyst oxidation during synthesis at high conversions may be
estimated in terms of the area contribution of oxide phases to the
Fe(2p) spectrum. Similarities between the metal and carbide core
level spectra are likely to complicate the determination of these
phases when oxides are present. Analysis of the metal and carbide
contributions to the iron Auger spectrum provides an alternate method
for monitoring surface carbide formation during low conversion
synthesis. The '"surface compositions" obtained in this manner are at
best semi-quantitative, since the contribution of a particular phase
to the XPS or Auger spectrum will depend on both the amount and
distribution of that phase within the detected volume. 1In spite of
this, the spectrum fitting technique should prove to be useful in
characterizing the time and conversion dependent nature of the active
catalyst surface.
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XPS Characterization of Iron Fischer-Tropsch Catalysts

C. S. Kuivila, P. C, Stair, and J. B. Butt

Department of Chemical Engineering and Department of Chemistry
Northwestern University, Evanston, Illinois 60201

INTRODUCTION

The carburization of iron catalysts during the Fischer-Tropsch
synthesis has received considerable attention, with techniques such as
Méssbauer spectroscopy, x-ray diffraction, and thermomagnetic analysis
being used to identify the bulk iron phases which are formed (i-4).
Based on a recent Mdssbauer study of unsupported iron (4), it is
fairly well established that the €-Feg oC and X-FesCo carbides form at
normal synthesis temperatures (ca. 250°C), while substantial amounts
of cementite (§-Fe3C) are formed at temperatures above 350°C. Studies
of both supported (1,5) and unsupported (4,6) iron have shown that the
synthesis activity of an initially reduced catalyst is low, and
increases to a maximum as carburization proceeds. Earlier work done
at the Bureau of Mines (7) also suggests that controlled
pre-carburization of fused iron catalysts at lower temperatures may
improve long-term activity maintenance during the synthesis.

Although recent carburization studies have typically involved CO
conversion levels in the range of a few percent or less, it is clear
from work done at the Bureau of Mines (7,8) that higher conversion
levels lead to significant oxidation of iron catalysts to Fe304. The
working catalyst can thus consist of a mixture of metallic, carbide,
and oxide phases, the relative amounts depending on catalyst
pretreatment, synthesis conditions, and time on stream. A result of
this complex behavior is that no clear picture exists regarding the
nature of the catalytically active surface, or its dependence on the
conditions employed in the synthesis. Much of the early work
involving surface techniques (XPS/AES) in the study of CO
hydrogenation over iron was carried out using foils or single crystals
as model catalyst surfaces (9-11). Efforts in these studies focused
on characterization of the carbon adlayer which developed on the metal
surfaces during exposure to synthesis conditions.

In this paper, we address the XPS characterization of iron phases
.which occur on the surfaces of Fischer-Tropsch catalysts. Results
obtained for single-phase metal, oxide, and carbide samples are
presented. Methods for estimating the extent of carbide formation
during low conversion synthesis, and the extent of catalyst oxidation
at high conversions are also illustrated.

EXPERIMENTAL

The XPS measurements were performed in an AEI ES200 ESCA
spectrometer, equipped with a hemispherical electrostatic energy
analyzer and aluminum-anode x-ray source. Electron binding energies
were referenced to the Au(4£7/2) line of a gold foil at 84.0 eV.
Samples were introduced into the system through a small volume
(30 cc), differentially pumped reaction cell, attached directly to the
vacuum chember. The samples were mounted on a copper stage which
could be heated resistively to 500°C, with temperature measurement by
a chromel-alumel thermocouple junction. While in the cell, samples
could be exposed to static or flowing gases at pressures up to one i
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In Situ Study of the Surface Interactions
In Coal Liquefaction Catalysts
P.A. Montano
Dept. of Physics, West Virginia University, Morgantown, WV 26506

There is an increasing interest in the development of better catalysts for
the hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) of coal derived
fuels and 0il heavy residues. These synthetic feedstrocks and heavier petroleum
practions contain a higher concentration of hetercatoms than light petroleum stocks
and are much more difficult to process. Metal sulfides catalysts play a very
important role in HDN and HDS processes as well as in direct coal liquefaction.
There is concrete evidence of the direct role played by iron sulfides in direct
coal liquefaction. We have investigated the surface reactions on iron sulfides,
especially pyrrhotites using standard surface techniques, EXAFS and in situ
Mossbauer spectroscopy. We find clear evidence of the involvement of the iron
sulfides surfaces in the cleavage of oxygen bonds in coal and coal derived products.
In HDN and HDS reactions, the role of the iron sulfides is less important than that
of Mo-Co or Mo-Ni supported catalysts. We have performed a systematic in situ
study of Ni~Mo supported on gamma alumina using x-ray absorption techniques as well
as in situ Mossbauer spectroscopy. The HDN of quinoline was studies by both
techniques between room temperature and 44Q0oC at high hydrogen pressures. We find
clear evidence of Ni association to Mo, there is also Ni in separated islands and
a third phase of Ni interacting strongly with alumina and forming nickel-aluminate.
When sulfidation takes place immediately after calcination two sulfide phases
are identified, one associated with the MoS, islands on the support and the other,
probably, with a non-stoichiometric nickel sulfide compound. Very small amounts
of nickel aluminate are observable.

The HDS of dibenzothiophene was studied using a pure MoS., catalyst and a
commerical Ni-Mo catalyst. The structure of the catalysts was investigated using
x-ray absorption techniques. All the measurements were performed in situ between
-195°C and 440°C. It was observed that the presence of nickel tends to stabilize
the MoS, islands on the support; in the absence of nickel there is very clear
evidence of irreversible sulfur loss.

The difference in catalytic activity between iron sulfides and Mo sulfides
is related to the difference in crystallographic structures, which favors in the
case of Mo a high dispersion of the catalyst on the support.

Work supported by the USDOE.
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ALCOHOL REACTION KINETICS ON COPPER/ZINC OXIDE SURFACE

D. L. Roberts, L. Chan, and G. L. Griffin

Department of Chemical Engineering
and Materials Science
University of Minnesota
Minneapolis, Minnesota 55455

ABSTRACT

Recent commercial and academic interest in CH,OH synthesis via CO hydrogena-
tion, together with the high selectivity and relative simplicity of this reac-
tion, make it an ideal reaction for testing and comparing adsorption studies,
proposed mechanisms, and macroscopic rate behavior for oxide-based catalysts.
Adsorption studies of H,, H,0, and CH,O0H on Zn0O powders and model thin films of
Cu/Zn0 have resolved several discrete adsorption sites. Infrared and temperature
programmed decomposition studies of adsorbed CH,0H are used to determine the
energetics of the CH;0(5) and HCOO(a) decomposition steps at these sites.
Comparative studies using model Cu/Zn0 thin films have resolved features common
to bulk Zn0 and bulk Cu, as well as differences in behavior which can be attri-
buted to the avallability of Zn0O lattice anions at the perimeter of the Cu
clusters. The results suggest that Type I sites on ZnO do not have a major role
in the CH,0H synthesis reaction on Cu/ZnO catalysts. Instead, the CH,OH reaction
may occur preferentially at perimeter sites of Cu clusters.

INTRODUCTION

The reactivity of carbon-oxygen bonds in adsorbed oxygenated hydrocarbon
intermediates is of fundamental importance in understanding the rates and
selectivity of alcohol reactions on heterogeneous catalysts. Reactions of
commerical interest include methanol synthesis, the direct synthesis of higher
alcohols, alcohol decomposition (e.g., reforming, partial oxidation), etherifica-~
tion (e.g., production of MTBE as a gasoline blending agent), condensation
(e.g., conversion to C-8 compounds on zeolites or otheracid catalysts), and
functionalization (e.g., amination reactions).

Work in our laboratory has focussed on understanding the surface reactions
involved in the catalytic formation and decomposition of the simplest alcohol,
CH,O0H. 1In particular, we have undertaken a systematic study of a series of model
Zn0 or Cu/Zn0 catalyst surfaces using a combination of infrared spectroscopy,
temperature programmed desorption and decomposition of adsorbates, and reactor
measurements of transient and/or steady state kinetics. These studies are aimed
at identifying the composition and geometry of various adsorption sites on the
Cu/Zn0 surface, the mechanism and kinetics of adsorbate reactions at the sites,
and the importance of each site in the overall CH,OH synthesis reaction.

In the present paper we describe selected results from our overall program.
These results are chosen to illustrate two points: The importance of the formate
intermediate in alcohol reactions on oxide surfaces and 1ts role in maintaining
hydrogenation selectivity, and the relative importance of adsorption sites on the




ZnO and Cu components of the catalyst surface.

EXPERIMENTAL

Comparative studlies of high surface area powders and planar thin-film
samples are performed in two independent apparatus. Studies of powder samples
were performed in the IR-TPD cell shown in Fig. 1. The sample containing 50-100
mg of Zn0 is deposited from an aqueous slurry onto the front face of the cell
mirror, a silver disk which is soldered to the re-entrant inner wall of the cell
body. The mirror disk can be heated using the attached cartridge heater, or
cooled to 100 K by flowing cooled N, through the attached coolant tube. After
sealing the front of the cell using a flange~mounted CaF, window, the cell is
attached to a stainless steel gas handling system and positioned inthe sample
compartment of the FTIR spectrometer (Nicolet 60~SX). Spectra are obtained in a
two~pass tranmission mode by reflecting the IR beam from the mirror disk, thereby
passing through the sample layer twice. During a typical in-situ TPD experiment,
IR spectra are recorded at regular temperature intervals (75 scans/spectrum, at a
scan rate of 1-2 scans/sec; resolution = 8 cm*!), while the flux of each desorb~
ing specles is monitored using a quadrupole mass spectrometer (Spectramass 800)
attached to the gas handling system. All of the TPD experiments described here
were performed with the IR~TPD cell evacuated and pumped by the gas handling
system (i.e., no carrier gas is used).

The majority of the results described below were obtained using Kadox 25
Zn0, in order to examine the possible importance of the unique Type I adsorption
sites for H, that have been reported for this material. The pretreatment
required to activate the Type I sites involves (step 1) heating the sample in
vacuum (P < 107%* torr) at 673 K for 3 hours, (step 2) cooling to 573 K and
admitting 0.5 torr 0, for 10 minutes, then evacuating (0, cycle repeated three
times), and (step 3) re-heating in vacuum to 673 K for 20 minutes before cooling
to room temperature.

Once the pretreatment steps were finished, the IR-TPD experiments for the
adsorbate of interest could be repeated indefinitely. For experiments using
CH,0H and H,0, both of which are irreversibly adsorbed at 300 K, a volumetrically
determined amount of elther gas is admitted from the gas handling system into the
sample ceil. For H, adsorption experiments, it is necessary to fill the sample
cell with 40 torr H, at 300 K to occupy the Type I sites, since the Type I H,
adsorption state desorbs readily at room temperature.

The complementary experiments using planar samples were performed in the
apparatus shown schematically in Fig. 2. The sample configuration 1s shown
schematically in the inset of the figure. Samples are prepared by first deposits
ing thin films of ZnO onto Au substrates, using a separate RF plasma sputtering
system (perkin Elmer model 2400) with a ZnO target and a background gas of 24%
0, : 76% Ar at a pressure of 1 Pa. The ZnO deposition rate was 200 A/min and the
deposited film thickness was approximately 1 pm. X“ray diffraction measurements
confirm that the film grains are preferentially oriented with their c-axis
within 5° of the surface normal. Thus the films expose a high<fraction of
(0001)+Zn planes and/or vicinal defect surfaces.

After the ZnO film has been deposited, a chromelbalumel thermocouple is
attached to the Au substrate and the sample 1s mounted into the TPD apparatus
shown in the main part of Fig. 2. The apparatus consists of an Jifon#pumped
stainless-steel bell jar equipped with a single pass cylindrical mirror analyzer,
a quadrupole mass spectrometer, an ion sputtering gun, a side chamber which
contains a Cu evaporation source and a quartz film thickness monitor. The sample
itself is mounted on a differentially pumped sliding seal transfer rod that
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permits the sample to be translated between the evaporation chamber and the focal
point of the CMA.

Two sequences are used to prepare sufaces with different Cu loadings. In
most cases, the loading was controlled by changlng the exposure time of a sputter
cleaned Zn0 surface to the Cu evaporant flux. The deposition flux was approxi-
mately A/min, as measured using the film thickness monitor. The sample tempera-
ture during evaporation 1s 300 K. An independent measure of the Cu coverage is
obtalned using Auger analysls to examine the surface after evaporation. For a
few experiments, an alternate procedure for varying the Cu loading conslsts of
initlially evaporating a high coverage of Cu and then heating the sample progres=
slvely higher temperatures above 800 K to desorb Iincreasing amounts of the
initial Cu layer.

After recording the Auger spectrum of the surface following Cu evaporation,
methanol decomposition experiments were performed by exposing the sample to CH;OH
at 300 K by backRfilling the chamber. After the background pressure returned to
ca. 107'° torr, the sample is heated and the evolved products are monitored
using the mass spectrometer. The heating rate used for the thin film experiments
is 25 K/sec. Care 1s taken to stop each TPD experiment at a low enough tempera-
ture (ca 750 K) to prevent any loss of Cu by re-~evaporation. Spectra for each of
the observed products are usually recorded separately in repetitive experiments.
Reproducibility between experiments is confirmed periodically by using multi~
plexed signal acquisition, at a cost in signal resolution. Reproducibility can
also be confirmed by comparing the record of total pressure vs. time measured by
the jonization gauge in the main chamber.

RESULTS

Porous sample studies: Role of Type I sites. In Fig. 3 we show the IR
spectra acquired during the adsorptlion and subsequent TPD of CH,0H on Type I
activated ZnO. The bottom curve is the spectrum of the sample in the presence of
40 torr H, at 300 K, obtalned prior to absorbing CH,0H. The sharp band at 1709
em™! and the less intense band at 3491 cm™! correspond to the Zn-H and 0O-H
stretching vibrations, respectively, which are characteristic of H, adsorbed at
Type I sites. We note that the band observed at 3618 cm™' is attributed to a
residual surface OH(g) species and 1s not assoclated with Type I H, adsorption.
Features in the 2900 to 2800 cm™' region are due to residual surface hydrocarbon
impurities still remaining after the three 573 K 0, cleanlng cycles of the
pretreatment. The concentration of Type I sites in this sample 1s 5.8 umole
H,/gm Zn0, as determined from the Integrated area under an H, TPD spectrum.

The next curve 1s the spectrum obtalned after evacuating the H, and adsorb~
ing an about of CH,O0H corresponding to 10 umole/gm. The bands appearing at 2932
and 2816 cm™! are assigned to the asymmetric and symmetric C-H stretching
vibrations of the surface methoxy species. We note that the adsorption of CH,OH
produces no new resolvable OH features in the region above 3500 cm™', nor does it
perturb the residual surface OH band at 3618 cm™'. If 40 torr of H, 1s admitted
to the cell at this point, the Zn=H and O~H bands characteristic of Type I sites
do not appear. This confirms that CH,0H adsorbs irreversibly at Type I sites,
blocking them from further H, adsorption. The fact that 10 umole CH,OH/gm ZnO
are required to clock the sites completely indicates that some of the CH,CH must
be adsorbed at non-Type I sites, as well.

The next curve in Fig. 3 1s the spectrum of the sample obtalned t 530 K
during the decomposition of the adsorbed CH,OH. The intensity of the methoxy C=H
bands at 2932 and 2816 cm~ ' decreases, and new features grow in at 2875, 1574,
1364, 1377 cm™'. These new bands are assigned respectively to the C-H stretching
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mode, the asymmetric and symmetric O~C-0 stretching modes, and the inrplane C-H
bending mode of a surface HCOO(,) specles. The asymmetric 0-C-0 stretching mode
and the in~plane C+H bending mode also produce an additional combination band at
2965 em™!. These results deomonstrate the sequential conversion of CH,0(a)
species to HCOO(5) specles.

A separate experiment was performed by interrupting the decomposition at 530
K (corresponding to the temperature at which the maximum HCOO(5) coverage 1s
observed) and quickly cooling the sample to 300 K to preseve the surface HCOO(4)
coverage. Admitting 40 torr of H, to the cell at this stage falled to produce IR
bands at 3490 or 1710 cm™', thus indicating that the HCOO(,) species also block
the Type I H, sites.

The uppermost curve is the spectrum of the sample obtained after completing
the TPD experiment, cooling from 673 K to 300 K, adding 0.1 torr O, to improve
the IR transmission, and then admitting 40 torr of H,. The bands at 3492 and
1709 em™! have now been restored, indicating that the Type I sites have been made
vacant following decomposition of the adsorbed CH,OH.

The product desorption spectra recorded by the mass spectrometer during
the preceeding experiment are shown in Fig. 4. The H, evolution curve has three
resolvable features: a low temperature shoulder at 459 K, a broader shoulder
hear 511 K, and a desorption maximum at 565 K. The H, desorption at 565 K is
accompanied by the almost coincident desorption of CO and CO, at 573 K. In
contrast, the H, evolved at 459 K and 511 K 18 not accompanied by any significant
amount of carbon oxides. This is a clear indication that the H, evolution peaks
at 459 K and 511 K are a result of the conversion of CH,0(4), while the nearly
simultaneous desorption of H,, CO, and CO, at 565-573 K is due to the decomposi-
tion of the surface HCOO(y). Filgure 4 also shows that H,0 is not a favored
product of either CH,0(5) conversion or HCOO(5) decomposition, despite the
oxlidized condition of the Zn0 sample.

To determine the importance of Type I sites on Zn0 for CH,OH decomposition,
we next performed a serles of experiments using preradsorbed H,0 to block the
Type I sites before adsorbing CH,0H. Infrared spectra recorded in the presence
of 40 torr of H, before and after H,0 was admitted to the cell showed that H,0
also adsorbs irreversibly into the Type I H, sites, blocking them from H,
adsorption. Methanol was then admitted to the sample with the blocked Type I
sites. Adsorption still occurs, as indicated by the IR spectrum which showed the
C-H vibrational bands of the CH,0(,) intermediate. The fact that CH,0H dissoci~-
ately adsorbed even on the Type I blocked sample confirms that CH,O0H adsorbs at
non-Type I sites.

The TPD product desorption spectra recorded for the sample with co-adsorbed
H,0 and CH,0H are shown in Fig. 5. The first feature to note i3 the behavior of
the H,0 desorption signal. A small amount of desorption 1s observed near 475 K;
however, the majority of the H,0 desorbs with a peak maximum near 600 K. This is
identical to the desorption behavior of pure H,0 (i.e., without co-adsorbed
CH,0H). This indicates that the H,0 molecules adsorbed in Type I sites retain
their identity throughout the experiment, that the Type I sites remain blocked
by H,C throughout the temperature range of CH,O0H deccmposition, and that the
adsorbed H,0 18 not consumed in the formation of CO, during the formate
decomposition step.

A small amount of molecular CH,0H desorbs between 400 K and 500 K. A
similar molecular CH,OH desorption peak can be observed from samples containing
no pre“adsorbed H,0, provided the initial CH,0H coverage 13 greater than 10
umole/gm. This indicates that there is a finite combined concentration of
both Type I and non-Type I sites at which CH,0H 1s dissociatively adsorbed.
Additional CH,OH bey